AD 


(Leave  blank) 


Award  Number:  . . 

W81XWH-cfelMidfelzlz 


TITLE:  Targeting  Protein  O-GlcNAc  Modifications  in  Breast  Cancer 


PRINCIPAL  INVESTIGATOR:  Mauricio  J.  Reginato 


CONTRACTING  ORGANIZATION:  Drexel  University 

Philadelphia  PA  19102 


REPORT  DATE:  September  2010 


TYPE  OF  REPORT:  Final 


PREPARED  FOR:  U.S.  Army  Medical  Research  and  Materiel  Command 
Fort  Detrick,  Maryland  21702-5012 


DISTRIBUTION  STATEMENT:  (Check  one) 

x  Approved  for  public  release;  distribution  unlimited 


The  views,  opinions  and/or  findings  contained  in  this  report  are 
those  of  the  author  (s)  and  should  not  be  construed  as  an  official 
Department  of  the  Army  position,  policy  or  decision  unless  so 
designated  by  other  documentation. 


2 


REPORT  DOCUMENTATION  PAGE 

Form  Approved 

OMB  No.  0704-0188 

Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and  maintaining  the 
data  needed,  and  completing  and  reviewing  this  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information,  including  suggestions  for  reducing  this 
burden  to  Department  of  Defense,  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports  (0704-0188),  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington,  VA  22202-4302. 
Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  any  penalty  for  failing  to  comply  with  a  collection  of  information  if  it  does  not  display  a  currently  valid 

OMB  control  number.  PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 

1 .  REPORT  DATE  (DD-MM-YYYY)  2.  REPORT  TYPE 

1.  4QCN+0.  /  .  Final 

3.  DATES  COVERED  (From  -  To) 

/  QCN  0.  .  6+1/  ?SE  0.  /  . 

4.  TITLE  AND  SUBTITLE 

Targeting  Protein  O-GlcNAc  Modifications  in  Breast  Cancer 

5a.  CONTRACT  NUMBER 

W81XWF+.  64/  +.  344 

5b.  GRANT  NUMBER 

6.  AUTHOR(S) 

Mauricio  Reginato 

Mauricio.Reginato@drexelmed.edu 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Drexel  University 

Philadelphia,  PA  19104 

8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 

9.  SPONSORING  /  MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

U.S.  Army  Medical  Research  and  Material  Command 

Fort  Detrick,  Maryland  21702-5012 

21702-5012 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

1  1.  SPONSOR/MONITOR'S  REPORT - 

NUMBER(S) 

1  Ulb  1  KlbU  1 IUN  /  A V AILAbILI  1  Y  b  1  A  1  tIVItN  1 

Approved  for  public  release;  distribution  unlimited 


13.  SUPPLEMENTARY  NOTE 


14.  ABSTRACT 

Cancer  cells  upregulate  glycolysis,  increasing  glucose  uptake  to  meet  energy  needs.  Approximately  2-5% 
of  a  cell's  glucose  enters  the  hexosamine  biosynthetic  pathway  (HBP)  which  regulates  levels  of  O-linked 
fi-N-acetylglucosamine  (O-GlcNAc) ,  a  carbohydrate  post-translational  modification  of  diverse  nuclear  and 
cytosolic  proteins.  We  have  discovered  that  breast  cancer  cells  upregulate  the  HBP,  including  increased 
O-GlcNAcation  and  elevated  expression  of  O-GlcNAc  transferase  (OGT) ,  the  enzyme  catalyzing  addition  of 
O-GlcNAc  to  proteins.  Reduction  of  O-GlcNAcation  via  RNAi  of  OGT  in  breast  cancer  cells  leads  to 
inhibition  of  tumor  growth  in  vitro  as  well  as  in  vivo  and  associated  with  decreased  cell  cycle 
progression  and  increased  expression  of  the  cell  cycle  inhibitor  p27Klpl.  Elevation  of  p27Klpl  was 
associated  with  decreased  expression  and  activity  of  the  oncogenic  transcription  factor  FoxMl  a  known 
regulator  of  p27Klpl  stability  via  transcriptional  control  of  Skp2 .  Reducing  O-GlcNAc  levels  in  breast 
cancer  cells  decreased  levels  of  FoxMl  protein  and  caused  decrease  in  multiple  FoxMl-specif ic  targets 
including  Skp2 .  Moreover,  reducing  O-GlcNAcation  decreased  cancer  cell  invasion  and  was  associated  with 
downregulation  of  MMP-2,  a  known  FoxMl  target.  Lastly,  pharmacological  inhibition  of  OGT  in  breast 
cancer  cells  had  similar  anti-growth  and  anti-invasion  effects.  These  findings  identify  O-GlcNAc  as  a 
novel  mechanism  through  which  alterations  in  glucose  metabolism  regulate  cancer  growth  and  invasion  and 
suggest  that  OGT  may  represent  novel  therapeutic  targets  for  breast  cancer. _ 

15.  SUBJECT  TERMS 

O-GlcNAc,  OGT,  breast  cancer,  glucose  metabolism,  ErbB2,  FoxMl,  p27,  invasion,  MMP,  epithelial 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION 

OF  ABSTRACT 

18.  NUMBER 
OF  PAGES 

19a.  NAME  OF  RESPONSIBLE  PERSON 

USAMRMC 

a.  REPORT 

U 

b.  ABSTRACT 

U 

c.  THIS  PAGE 

U 

UU 

56 

19b.  TELEPHONE  NUMBER  (include  area 
code) 

Standard  Form  298  (Rev.  8-98) 

Prescribed  by  ANSI  Std.  Z39.18 


Table  of  Contents 


Page 


Introduction . 4 

Body . 5 

Key  Research  Accomplishments . 10 

Reportable  Outcomes . 10 

Conclusion . 11 

Figures . 12 

References . 18 


Appendices 


Introduction 

Tumor  cells  have  altered  carbohydrate  metabolism,  producing  ATP  primarily  through 
glycolysis,  even  under  normal  oxygen  concentrations  (6).  This  metabolic  shift  in  cancer  cells, 
termed  the  “Warburg  effect”,  involves  increased  glucose  uptake  and  is  critical  in  supporting 
cancer  phenotypes  (27).  Changes  in  tumor  glucose  uptake  and  metabolism  also  alter  distinct 
nutrient  signaling  pathways,  including  mTOR,  AMPK,and  HBP  (15).  Indeed,  there  is  growing 
evidence  that  abnormalities  within  the  mTOR  and  AMPK  pathways  can  lead  to  abnormal  growth 
and  cancer  (8,  22).  The  majority  of  glucose  enters  glycolysis,  producing  ATP,  while 
approximately  2-5%  of  a  cell’s  glucose  enters  the  HBP  (16),  resulting  in  the  end  product  uridine 
diphosphate  (UDP)-N-acetylglucosamine  (UDP-GlcNAc)  (10).  While  flux  through  the  HBP  is 
likely  increased  in  tumor  cells  as  a  result  of  upregulated  glucose  uptake,  a  role  for  the  HBP  in 
oncogenesis  has  not  been  explored. 

UDP-GlcNAc  is  a  donor  substrate  in  the  enzymatic  covalent  addition  of  a  single 
monosaccharide  ( GlcNAc)  onto  serine  or  threonine  residues.  In  contrast  with  cdl  other  types  of 
glycosylation,  O-GlcNAc  modifies  a  wide  variety  of  cytosolic  and  nuclear  proteins.  O-GlcNAc 
acts  as  novel  regulatory  switch  mechanism  analogous  to  phosphorylation  (28).  Cytosolic  and 
nuclear  enzymes  dynamically  catalyze  addition  (O-GlcNAc  transferase  or  OGT)  and  removal 
( O-GlcNAcase )  of  O-GlcNAc  in  response  to  various  stimuli,  including  tyrosine  kinase  receptor 
activation  (24).  OGT  is  unique  among  glycosyltransferases  in  its  high  affinity  for  UDP-GlcNAc. 
As  a  consequence,  OGT  activity  responds  to  physiological  changes  in  UDP-GlcNAc  (13),  thus 
leading  to  elevated  0 -GlcNAc  modifications  in  response  to  increased  flux  through  the  HBP  (3). 
Accordingly,  OGT  is  positioned  to  act  as  a  molecular  sensor  of  enhanced  HBP  nutrient  flux, 
which  would  be  expected  in  cancer  cells.  O-GlcNAc  is  known  to  influence  protein-protein 
interactions  (21);  therefore,  modulations  of  O-GlcNAc  may  alter  the  formation  of  specific 
protein  complexes  involved  with  oncogenic  signaling.  Modulation  of  O-GlcNAc  levels  has  been 
linked  to  growth/survived  phenotypes  such  as  cell  cycle  progression  and  altered  mitotic 
phosphorylation  patterns  (2,  19,  23,  30),  demonstrating  that  a  proper  bcdance  of  O-GlcNAc  and 
phosphorylation  is  required  for  normal  cell  growth.  Recently,  it  was  shown  that  p53-cleficient 
mouse  embryonic  fibroblasts,  which  elevate  glycolysis,  display  increased  O-GlcNAcation  on  a 
number  of  proteins  (11).  Thus,  abnormal  levels  of  0 -GlcNAc  in  cancer  cells  may  contribute  to 
deregulated  post-translational  control  of  protein  function  linked  to  oncogenic  phenotypes. 

A  number  of  transcription  factors  are  known  to  be  modified  by  O-GlcNAc,  suggesting  this 
glucose-sensing  mechanism  can  directly  link  nutrient  status  to  gene  expression  (5).  Elevated 
expression  or  activity  ofFoxMl  is  associated  with  development  and  progression  of  numerous 
cancers  ( 18,  29).  FoxMl  serves  as  a  key  regulator  of  cell  proliferation  during  organ 
development  by  controlling  transcription  of  genes  critical  for  Gl/S  and  G2/M  progression  (18), 
including  Skp2  during  Gl/S  and  Nek2,  Sun’ivin  and  PLK1  during  G2/M.  Recently,  FoxMl 
overexpression  was  found  to  correlate  with  ErbB2  (HER2)  status  in  breast  cancers  (1).  FoxMl 
has  cdso  been  shown  to  regulate  cellular  invasion  via  transcriptional  regulation  of  matrix 
metalloproteinase s  (26).  Thus,  targeting  FoxMl  or  its  regulators  has  been  proposed  as  a  viable 
therapeutic  strategy  for  treating  cancer  (17). 

During  the  first  year  of  funding  we  provide  the  first  evidence  that  OGT  and  O-GlcNAc  levels 
are  elevated  in  breast  cancer  cells,  and  that  reducing  abnormally  high  O-GlcNAcation  inhibits 
cancer  cell  growth  in  vitro  and  in  vivo,  and  also  reduces  breast  cancer  cell  invasion.  Decreasing 
O-GlcNAc  levels  through  knockdown  of  OGT  in  cancer  cells  promotes  elevation  of  cell  cycle 
regulator  p27Kipl  and  reduces  expression  ofFoxMl,  in  addition  to  a  number  of  FoxMl  targets. 
Indeed,  regulation  of  FoxMl  may  provides  a  mechanism  through  which  decreased  levels  of  0- 
GlcNAc  inhibit  breast  cancer  phenotypes,  as  we  also  found  that  inhibition  of  invasion  by 
targeting  OGT  was  associated  with  reduction  in  FoxMl  transcriptional  target  MMP-2.  Our  data 
suggests  that  tumor  progression  is  associated  with  elevated  O-GlcNAcation,  which  deregulates 
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critical  factors  in  oncogenic  growth  and  invasion.  Additionally,  we  show  that  pharmacological 
inhibition  ofOGT  may  be  a  valuable  strategy  for  normalizing  oncogenic  phenotypes  in  breast 
cancer  transformation. 

Body 

Task  1:  Establish  whether  modulation  of  O-GlcNac  levels,  through  pharmacological  inhibition  or 
genetic  knock-down  of  enzymes  that  add  or  remove  O-GlcNAc,  can  inhibit  ErbB2-mediated 
oncogenic  phenotypes  in  vitro  in  the  absence  of  toxicity  in  non-transformed  cells  (months  1 — 6, 
PI:Reginato): 

We  will  test  effects  of  OGT  inhibitor  (XI)  and  OGT  RNAi  (lowering  of  O-GlcNAc)  as  well  as  inhibitors 
PUGNAc  and  9d  and  O-GlcNAcase  RNAi  (elevation  of  O-GlcNAc)  on: 

a.  Colony  formation  (growth  in  soft  agar)  of  ERBB2  expressing  MCF-10A  cells  and  breast  cancer  cell 
lines  (SKBR3  and  MDA-MB-453).  (months  1-3) 

Our  studies  completed  Breast  cancer  cell  lines  upregulate  O-GlcNAc  and  OGT  levels.  To  determine  whether  levels 
of  O-GlcNAc  modified  proteins  are  altered  in  cancer  cells,  we  compared  normal  epithelial  cells  to  established  breast 
cancer  cells  or  oncogene-overexpressing  cells.  We  found  that  MCF-10A  cells  overexpressing  the  activated  form  of 
ErbB2  (NeuT),  and  the  breast  cancer  cell  lines  SKBR3  and  MDA-MB-453,  contain  elevated  levels  of  O-GlcNAc- 
modified  proteins  compared  to  normal  human  immortalized  mammary  epithelial  MCF-10A  cells  (Fig.  1A).  We  then 
examined  whether  the  increase  in  O-GlcNAc-modified  proteins  in  breast  cancer  cell  lines  was  related  to  altered 
expression  of  OGT,  the  enzyme  responsible  for  catalyzing  O-GlcNAc  addition  to  proteins.  We  found  that  OGT  is 
overexpressed  in  five  different  breast  cancer  cell  lines  when  compared  to  normal  MCF-10A  and  MCF-12A  cells 
(Fig.  IB).  Our  data  thus  shows,  for  the  first  time,  that  breast  cancer  cells  contain  elevated  levels  of  O-GlcNAc  and 
OGT. 

OGT  is  required  for  malignant  growth  of  transformed  breast  cancer  cells  in  vitro.  To  test  whether  reducing 
abnormally  high  levels  of  O-GlcNAcation  alters  breast  cancer  phenotypes,  we  targeted  OGT  via  RNAi  in  MCF- 
10A-ErbB2  cells.  The  efficiency  of  two  different  OGT  shRNA  lentiviral  constructs  was  confirmed  by  western 
blotting.  We  detected  at  least  a  50%  knockdown  of  OGT  protein  compared  to  cells  infected  with  Control 
(scrambled)  shRNA  sequence  (Fig.  2A).  We  then  tested  if  reduction  of  OGT  led  to  global  decrease  in  O- 
GlcNAcation.  Cells  were  treated  with  or  without  the  specific  O-GlcNAcase  inhibitor  9D  (14)  to  block  enzymatic 
removal  of  O-GlcNAc.  MCF-10A-ErbB2  cells  infected  with  control  shRNA  lentivirus  displayed  a  significant 
increase  in  O-GlcNAcation  in  the  presence  of  9D  (Fig.  2B).  However,  cells  infected  with  RNAi  targeting  OGT  had 
significantly  decreased  basal  O-GlcNAcation,  and  completely  blocked  the  9D-induced  elevation  of  O-GlcNAcation 
(Fig.  2B);  the  decrease  of  OGT  levels  led  to  significant  reduction  in  O-GlcNAc  modified  proteins.  These  cells  were 
then  placed  in  three-dimensional  (3D)  culture  assays  or  soft  agar  assays  to  determine  the  effect  of  reducing  OGT 
levels  on  cancer  cell  growth.  Under  3D  conditions,  reduction  of  OGT  by  RNAi  in  MCF-10A-ErbB2  cells  caused 
dramatic  inhibition  of  oncogenic  phenotypes,  including  decreased  cell  growth  and  an  eight-fold  decrease  in  cell 
number  at  day  12  (Fig.  2C)  compared  to  control  RNAi  cells.  Additionally,  reduction  of  OGT  levels  in  MCF-10A- 
ErbB2  cells  shows  a  ten-fold  decrease  in  colony  formation  in  soft-agar  compared  to  control  cells  (data  not  shown). 
To  test  whether  reduction  of  abnormally  high  levels  of  O-GlcNAcation  could  alter  breast  cancer  phenotypes 
independent  of  ErbB2,  we  knocked  down  OGT  levels  in  the  highly  transformed  breast  cancer  cell  line  MDA-MB- 
231,  which  does  not  overexpress  ErbB2.  MDA-MB-231  cells  stably  infected  with  RNAi  against  OGT  showed  a 
three-fold  decrease  in  soft  agar  colony  formation  (Fig.  2D)  and  resulted  in  significant  inhibition  of  growth  in  3D 
conditions  compared  to  control  shRNA  infected  cells  (data  not  shown).  Knockdown  of  OGT  in  parental  MCF-10A 
cells  did  not  significantly  block  growth  or  ability  to  form  acinar  structures  in  3D  culture  (data  not  shown) 
suggesting  that  reducing  OGT  levels  in  non-transformed  cells  is  not  cytotoxic.  Consistent  with  the  idea  that  elevated 
OGT  contributes  to  tumor  cell  growth,  overexpression  of  OGT  in  MCF-10A-ErbB2  cells  increased  the  number  of 
soft  agar  colonies  (data  not  shown).  Thus,  we  show  that  OGT  and  abnormally  elevated  levels  of  O-GlcNAc  are 
required  and  may  contribute  to  transformed  growth  of  breast  cancer  cells  in  vitro. 

Our  data  completed  so  far  validates  our  initial  hypothesis  that  targeting  protein  O- 
GlycNAc  modifications  in  breast  cancer  cells  inhibits  tumor  phenotypes. 


b.  Proliferation  and  invasion  through  extracellular  matrix  by  MCF-10A-ERBB2  cells  and  extend  our 
preliminary  results  to  breast  cancer  cell  lines  using  3D  culture  assay,  (months  2-5) 
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Inhibition  ofOGT  decreases  cell  cycle  progression. 

To  further  investigate  the  growth-inhibitory  effect  ofOGT  knockdown  in  breast  cancer  cells,  we 
performed  cell  cycle  analysis  by  propidium  iodide  staining  and  flow  cytometry.  Reduction  ofOGT  in 
MCF-10A-ErbB2  cells  caused  a  significant  accumulation  of  cells  in  G1  phase  within  48  hours  compared 
to  control  shRNA  infected  cells;  72%  G1  content  in  OGT  shRNA  infected  cells  relative  to  47%  in  control 
shRNA  cells  (Fig.  4A).  With  OGT  shRNA,  we  also  observed  a  significant  decrease  in  S  and  G2/M  phase 
population  compared  to  control.  In  addition,  we  found  a  two-fold  decrease  in  Ki-67  staining  in  MCF-10A- 
ErbB2  and  MDA-MB-231  cells  expressing  OGT  shRNA  (Supplementary  Fig.  5 A).  We  did  not  detect  an 
increase  in  the  sub-Gl  population  of  cells  nor  did  we  detect  a  significant  change  in  DNA  fragmentation  at 
this  time  point  (data  not  shown),  suggesting  that  targeting  OGT  had  minimal  effects  on  apoptosis. 
Reducing  OGT  in  normal  MCF-10A  cells  caused  a  slight  increase  in  G1  population,  but  neither  this  (data 
not  shown)  nor  changes  in  Ki-67  staining  (data  not  shown)  were  statistically  significant. 

OGT  regulates  breast  cancer  cell  invasion.  We  observed  that  knockdown  ofOGT  in  breast  cancer  cells 
produced  fewer  invasive  protrusions  when  cultured  under  3D  conditions  (Fig.  5 A),  suggesting  that 
reduction  of  elevated  O-GlcNAcation  may  inhibit  cellular  invasion.  To  test  this  directly,  we  placed  MCF- 
10A-ErbB2  cells  targeted  with  OGT  or  control  shRNA  in  transwell  invasion  assays.  Knockdown  ofOGT 
in  MCF-10A-ErbB2  cells  led  to  a  three-fold  decrease  in  invasion  compared  to  controls  (Fig.  5B).  Breast 
cancer  invasion  and  metastasis  is  associated  with  elevated  levels  ofMMP-2  (7).  Since  Fo.xMl  regulates 
expression  ofMMP-2  in  pancreatic  cancer  cells  (26),  we  examined  levels  ofMMP-2  in  OGT  knockdown 
cells.  Indeed,  we  found  a  two-fold  decrease  in  expression  ofMMP-2  at  both  the  mRNA  (Fig.  5C)  and 
protein  level  (Fig.  5D)  in  MCF-10A-ErbB2  cells  when  OGT  is  knocked  down.  Our  data  suggest  that  OGT 
regulates  cancer  cell  invasion  by  modulating  MMP-2  expression,  possibly  via  regulation  ofFoxMl. 

c.  Anoikis  sensitivity  of  breast  cancer  cells,  (months  3-6) 

Knockdown  ofOGT  in  ErbB2  overexpressing  MCF-10A  cells  or  in  MDA-MB-231  cells  did  not 
induce  apoptosis  in  attached  or  cells  suspended  for  48  hours  (data  not  shown).  Thus,  reducing 
OGT  in  breast  cancer  cells  does  not  increase  anoikis  sensitivity. 

d.  Normal  growth  of  mammary  epithelial  cells  (parental  MCF-10A  cells)  in  standard  2D  and  3D 
conditions,  (months  3-6) 

Knockdown  of  OGT  in  parental  MCF-10A  cells  did  not  significantly  block  growth  or  ability  to 
form  acinar  structures  in  3D  culture  (data  not  shown)  suggesting  that  reducing  OGT  levels  in 
non-transformed  cells  is  not  cytotoxic. 

Outcomes:  We  expect  to  establish  that  breast  cancer  phenotypes  in  vitro  can  be  inhibited  by  modulating 
O-GlcNAc  levels,  while  in  parallel  studies  showing  a  lack  of  toxicity  in  normal  mammary  epithelial  cells. 

We  have  achieved  this  outcome. 

Task  2:  In  collaboration  with  Dr.  Senthil  Muthuswamy  (Cold  Spring  Harbor  Labs),  we  will  test 
whether  targeting  OGT,  the  enzyme  that  adds  O-GlcNAc  to  proteins  (with  OGT  RNAi  or  OGT 
inhibitor)  inhibits  oncogenic  phenotypes  in  vivo  (months  6-12,  PLReginato): 

Preliminary  studies  indicate  elevated  O-GlcNAc  in  ERBB2  transformed  cells,  and  suggest  that  lowering 
O-GlcNAc  levels  inhibits  oncogenic  phenotypes.  Thus,  lowering  of  O-GlcNAc  by  inhibition  or 
knockdown  of  OGT  will  be  the  focus  of  this  aim. 

a.  Using  a  mammary  fat  pad  transplantation  mouse  model,  we  will  inject  MCF-10A  cells  overexpressing 
ERBB2  into  thoracic  mammary  fat  pad  of  8-week-old  anesthetized  mice.  Cells  will  be  stably  expressing 
control  shRNA  vector  (pLKO- scrambled),  or  OGT  shRNA.  We  will  inject  one  fat  pad  with  MCF-10A- 
ERBB2  cells  containing  control  shRNA  and  the  contra  lateral  fat  pad  with  cells  containing  the  shRNA  to 
OGT  (13  mice).  Twenty  one  days  later,  mice  will  be  sacrificed  and  we  will  quantify  tumor  mass,  and 
determine  O-GlcNAc  and  OGT  levels. 

OGT  is  required  for  tumorigenic  growth  of  human  breast  cancer  cells  in  vivo.  We  next  examined  a  role  for 
OGT  in  promoting  oncogenic  phenotypes  in  vivo.  To  test  this,  we  performed  orthotopic  xenografts  of 
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MDA-MB-231  cells  stably  expressing  either  OGT  shRNA  or  control  shRNA.  OGT  knockdown  and 
decreased  basal  O-GlcNAcation  were  verified  by  western  blot  analysis  at  the  time  of  injection  (Fig.  3A). 
Control  and  OGT  knockdown  cells  were  then  injected  directly  into  contralateral  mammary  fat  pads  of 
immunocompromised  Nu/Nu  mice  to  avoid  inter-animal  variations.  A  four-fold  decrease  in  tumor  volume 
was  observed  in  mice  injected  with  OGT  knockdown  cells  compared  to  control  cells  at  the  end  of  8-week 
experiment  (Fig.  3B).  At  necropsy,  of  mice  injected  with  cells  expressing  scrambled  shRNA,  84% 
developed  visible  tumors  that  could  be  excised;  only  41%  of  mice  injected  with  cells  containing  OGT-1 
shRNA  (Fig.  3C)  and  40%  of  mice  injected  with  cells  containing  OGT-2  developed  visible  tumors  (data 
not  shown).  Tumor  mass  measurements  from  OGT  knockdown  cells  showed  a  similar  four-fold  reduction 
compared  to  tumors  from  control  cells  (data  not  shown).  Importantly,  tumors  that  eventually  grew  from 
OGT  knockdown  cells  restored  OGT  expression  (Fig.  3D)  and  had  similar  Ki-67  expression  (data  not 
shown),  suggesting  a  strong  selective  pressure  against  tumor  cells  deficient  in  OGT.  These  data  indicate 
the  importance  of  OGT  in  tumor  cell  growth  in  vivo. 


b.  We  will  repeat  fat  pad  injections  of  ERBB2-overexpressing  cells  treated  with  vehicle  control  or  OGT 
inhibitor  XI  (dose  to  be  determined  from  in  vitro  studies).  Fat  pad  will  be  injected  every  five  days  with 
additional  dose  of  OGT  inhibitor.  Analysis  of  tumor  weight,  mass  and  O-GlcNAc  levels  will  be  carried 
out  at  day  21. 

We  have  been  unable  to  perform  these  experiment  since  dose  used  in  vitro  to  inhibit  O-GlcNAcation  was 
between  200-500  pM  and  thus  not  able  to  achieve  this  dose  in  vivo.  Currently  collaborating  with  chemist 
Dr.  Suzanne  Wcdker  (Harvard  Medical  School)  and  testing  second  generation  OGT  inhibitors  that  are 
more  potent  and  soluble  in  vitro  before  testing  them  in  vivo. 

Outcomes:  We  expect  to  establish  that  breast  cancer  tumor  formation  in  vivo  can  be  inhibited  by  lowering 
O-GlcNAc  levels  through  targeting  of  the  enzyme  which  adds  O-GlcNAc  to  proteins. 

We  have  achieved  this  outcome. 

Task  3:  Identify  ERBB2-mediated  signaling  pathways  regulated  by  O-GlcNAc  (months  3-9, 

PI :  Reginato/V  osseller) : 

a.  Test  effects  of  PUGNAc,  9d,  OGT  inhibitor  XI,  and  OGT  RNAi  on  ERBB2-mediated  signaling 
pathways  by  using  activation  state  specific  phosphospecific  antibodies  against  following  targets:  ERBB2, 
ERBB1,  ERBB3,  ERBB4,  AKT,  MEK1/2,  ERK1/2,  and  IkBa.  (months  3-4) 

Inhibition  of  OGT  induces  p27Kipl  expression  via  regulation  ofFoxMl  in  breast  cancer  cells. 

Increase  in  the  population  of  cells  in  G1  suggestes  that  cell  cycle  regulators  may  be  altered  by 
reducing  OGT  expression.  Knockdown  of  OGT  results  in  a  significant  induction  ofp27k,pI  levels  and 
reduction  ofPCNA  in  MCF-10A-ErbB2  cells  (Fig.  4B),  as  well  as  in  MDA-MB-231  cells  (data  not 
shown),  consistent  with  cell  cycle  arrest  at  Gl.  The  regulation  ofp27Kipl  is  highly  complex;  it  is  well 
established  that  oncogenic  signaling,  including  receptor  tyrosine  kinase  (RTK),  c-Src,  and  MAP  kinase 
activation  in  cancer  cells  is  associated  with  increased  p27Kipl  proteolysis  (4).  Yet  knockdown  of  OGT  in 
MCF-10A-ErbB2  cells  did  not  reduce  activity  ofErbB2,  c-Src,  Erk  (Supplementary  Fig.  6),  or  Akt  (Fig. 
3B)  as  measured  with  respective  phospho-specific  antibodies.  Since  p27Kipl  mRNA  levels  were  not 
decreased  in  cells  depleted  of  OGT  (data  not  shown),  we  considered  alternative  pathways  regulating 
p27Kipl  degradation. 

Degradation  ofp27Kipl  is  primarily  regulated  by  the  SCFSKP 2  E3  ubiquitin  ligase  complex  (4).  This 
complex  includes  the  F-Box  protein  Skp2  that  targets  CDK  inhibitors  for  degradation  during  Gl/S 
transition.  We  find  that  OGT  knockdown  in  MCF  -10A-ErbB2  cells  (Fig.  4B)  and  MDA-MB-231  cells 
(data  not  shown)  decreases  Skp2  expression.  One  level  ofSkp2  regulation  is  through  transcriptional 
activation  by  FoxMl  (25).  We  find  in  MCF-10A-ErbB2  (Fig.  4B)  and  MDA-MB-231  cells  (data  not 
shown)  that  reducing  OGT  expression  leads  to  significant  decreases  in  FoxMl  protein  levels.  FoxMl  can 
regulate  progression  from  Gl  to  S  phase,  but  is  also  known  to  be  a  key  regulator  during  G2/M.  Indeed,  we 
find  that  FoxMl  specific  targets  involved  in  G2/M  phase,  including  Survivin,  Nek2  and  PLK1,  are  also 
decreased  in  OGT  knockdown  cells,  both  in  MCF-  10A-ErbB2  (Fig.  4C)  and  MDA-MB-231  cells  (data  not 
shown  ). 
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To  begin  addressing  the  mechanism  of  how  OGT  regulates  FoxMl  levels,  we  examined  effects  of 
OGT  knockdown  in  MDA-MB-231  cells  stably  expressing  exogenous  FoxMl.  Reducing  OGT 
levels  caused  downregulation  of  stably-overexpressed  wilcltype  FoxMl  protein  (Fig.  4D), 
suggesting  OGT  and  O-GlcNAcation  may  regulate  FoxMl  post-transcriptionally.  Recent  studies 
have  identified  the  N-terminus  of  FoxMl  as  being  a  substrate  for  ubiquitin-mediated 
degradation,  contributing  to  the  normal  changes  in  FoxMl  levels  across  the  cell  cycle  (12)  (20). 

The  N-terminus  of  FoxMl  contains  destruction  box  (D  box)  and  KEN -box  sequences,  short 
degradation  motifs  recognized  by  the  anaphase-promoting  complex  ( APC )  E3  ubiquitin  ligase 
(20)  (12).  FoxMl  regulation  by  O-GlcNAcation  required  the  N-terminus  of  FoxMl,  as  protein 
levels  of  a  deletion  mutant  missing  the  first  209  amino  acids  of  FoxMl  (AN-AKEN-FoxMl)  were 
no  longer  decreased  by  reducing  OGT  expression  as  compared  to  wildtype  FoxMl  (Fig.  4D).  To 
test  whether  overexpression  of  wildtype  or  mutant  FoxMl  can  rescue  cell  growth  defect  due  to 
downregulating  OGT,  we  placed  these  cells  in  3D  culture.  Cells  overexpressing  wildtype  or 
mutant  of  FoxMl  were  able  to  partially  overcome  the  inhibitory  effect  of  OGT  silencing  on  cell 
growth  in  3D  culture  (Fig.  4E).  In  addition,  knockdown  of  FoxMl  with  RNAi  in  MCF-10A- 
ErbB2  cells  or  MDA-MB-231  cells  caused  increased  expression  ofp27Kipl,  inhibition  of  growth 
in  3D  culture  and  soft  agar  results  similar  to  that  seen  in  OGT  knockdown  cells  (data  not 
shown).  The  reduction  of  FoxMl  protein  is  not  a  part  of  a  globed  alteration  in  protein 
degradation,  as  we  did  not  detect  changes  in  levels  of  other  Fox  transcription  family  members 
including  F 0X0 3a  (data  not  shown).  Moreover,  we  found  that  reduction  of  OGT  levels  led  to  no 
significant  change  in  expression  of  a  number  of  transcription  factors  implicated  in  breast  cancer, 
including  p53,  c-Myc,  and NF-kB  (data  not  shown). 

b.  Verify  changes  seen  with  phosphospecific  antibodies  by  doing  in  vitro  kinase/enzymatic  assays  on 
immunoprecipitated  ERBB2  signaling  enzymes,  (months  4-5) 

Since  we  did  not  detect  inhibition  of  ErbB2 -mediated  signaling  pathways  when  reducing  OGT 
expression  we  focused  on  whether  FoxMl  was  directly  modified  by  O-GlcNAc.. 


c.  Use  western  blotting  against  O-GlcNAc  to  define  O-GlcNAc  modification  of  immunoprecipitated 
molecules  in  ERBB2  signaling  pathways,  (months  4-6) 

Since  other  Fox  transcription  family  members  have  been  shown  to  be  directly  modified  by  O-GlcNAc,  we 
tested  whether  FoxMl  is  modified  by  O-GlcNAc.  FoxMl  immunoprecipitated  from  MDA-MB-231  cells 
overexpressing  wildtype  FoxMl  did  not  show  any  O-GlcNAc  modifications,  while  endogenous  Spl,  a 
transcription  factor  known  to  be  modified  by  O-GlcNAc  (9),  was  highly  modified  under  similar  conditions 
(data  not  shown).  Thus,  our  data  show  that  breast  cancer  cell  growth  inhibition  via  targeting  OGT  is 
associated  with  increased  cell  cycle  arrest  at  Gl,  elevated  expression  ofp27Kipl,  and  specific  post- 
transcriptional  downregulation  of  the  oncogenic  transcription  factor  FoxMl  and  its  targets.  However, 
FoxMl  is  not  directly  O-GlcNAcated,  suggesting  that  OGT  may  be  regulating  FoxMl  indirectly. 


Outcomes:  We  expect  to  identify  specific  steps  in  ERBB2  signaling  pathways  that  are  altered  by 
modulation  of  O-GlcNAc  levels  which  will  suggest  links  between  these  biochemical  changes  and 
phenotypic  effects  on  transformed  cells  in  task  1  and  2.  We  also  expect  to  identify  kinases/signaling 
molecules  directly  modified  by  O-GlcNAc,  which  would  suggest  specific  O-GlcNAc  regulatory  potential 
in  altered  states  of  signaling  observed. 

We  have  linked  phenotypic  changes  to  regulation  of  key  oncogenic  transcription  factor  FoxMl.  We  have 
recently  shown  that  reducing  OGT  caused  increased  proteasomal  degradation  of  FoxMl  since 
degradation  mutant  of  FoxMl  is  no  longer  reduced  when  inhibit  OGT.  We  are  currently  trying  to 
understand  how  O-GlcNAc  regulates  FoxMl  degradation. 
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Task  4.  Quantitatively  identify  O-GlcNAc  sites,  phosphorylation  sites,  and  binding 
partners  of  selected  ERBB2  signaling  molecules  in  transformation  and  in  response  to 
modulation  of  O-GlcNAc  (months  4-18,  PI:Vossseller): 

a.  Immunoprecipitate  O-GlcNAc  modified  ERBB2  signaling  molecules  and  their  complexes  and 
identify  sites  of  O-GlcNAc/phosphorylation  and  interacting  proteins  with  mass  spectrometry 
(months  4-12). 

We  have  carried  out  mass  spec  analysis  on  FoxMl  under  conditions  of  elevated  O-GlcNAcation 
and  found  no  evidence  of  direct  O-GlcNAcation  (data  not  shown).  This  data,  along  with  lack  of 
O-GlcNAcation  following  FoxMl  IP,  suggest  that  FoxMl  is  not  directly  modified.  We  are 
currently  examining  whether  proteins  that  regulate  FoxMl  stability  are  directly 
modified/regulated  by  O-GlcNAc. 

b.  Use  differential  isotopic  labeling  with  iTRAQ  reagents  to  measure  site-specific  changes  in  O- 
GlcNAc,  phosphorylation,  or  protein  interactions  in  response  to  cellular  transformation  and/or 
modulation  of  O-GlcNAc.  (months  8-18). 

-Once  we  identify  proteins  regulating  FoxMl  degradation,  we  will  examine  site-specific  changes 
in  O-GlcNAc.. 

Outcomes:  We  expect  to  identify  specific  O-GlcNAc  and  phosphorylation  sites,  and  binding 
partners  of  ERBB2  signaling  molecules  that  may  be  altered  in  states  of  transformation  and/or 
modulated  O-GlcNAc.  Such  results  may  reveal  functional  interplay  between  O-GlcNAc, 
phosphorylation,  and  protein-protein  interactions  which  would  suggest  models  of  O-GlcNAc 
involvement  in  oncogenic  signaling  which  may  underlie  phenotypic  effects  of  O-GlcNAc 
modulation  on  transformed  cells  observed  in  task  1  and  2. 

Task  5.  Determine  functions  of  O-GlcNAc  sites  mapped  on  selected  ERBB2  signaling 
molecule(s)  (months  12-24,  PI:Vosseller/Reginato): 

a.  Express  selected  ERBB2  signaling  molecule(s)  with  O-GlcNAc  site(s)  mutagenized,  and 
characterize  effect  of  site-specific  loss  of  O-GlcNAc  on  protein-protein  interactions, 
phosphorylation  events,  localization,  activity,  and  transformed  phenotypes  in  cells,  (months  12- 
24). 

-Since  we  found  that  no  ErbB 2 -mediated  signaling  pathways  were  inhibited  by  OGT  knockdown, 
we  did  not  proceed  with  this  aim. 

b.  Specifically  determine  the  effects  of  MEK2  O-GlcNAc  modification  at  threonine  396  (by  site- 
directed  mutagenesis)  on  negative  regulatory  phosphorylation  of  MEK2  at  threonine  394  (using 
phosphospecific  antibody  and  mass  spec),  MEK2  activity,  MEK  association  with  MP1,  and  the 
downstream  activation  of  MAP  kinase. 

-  Since  we  found  that  no  ErbB2 -mediated  signaling  pathways  were  inhibited  by  OGT  knockdown, 
we  did  not  proceed  with  this  cum. 

c.  If  time  allows,  in  support  of  Task  5a,  we  will  generate  recombinant  forms  of  selected  ERBB2 
signaling  molecule(s)  either  unmodified  or  O-GlcNAc  modified  and  characterize  effect  of  O- 
GlcNAc  on  protein-protein  interactions,  activity,  or  specific  phosphorylation  events  in  vitro 
(months  14-24). 
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-  Since  we  found  that  no  ErbB2 -mediated  signaling  pathways  were  inhibited  by  OGT  knockdown, 
we  did  not  proceed  with  this  aim. 

Outcomes:  We  expect  to  define  specific  regulatory  roles  of  site-specific  O-GlcNAc  modification 
events  in  ERBB2  signaling,  relevant  to  effects  of  modulated  O-GlcNAc  on  transformed 
phenotypes. 


Key  Research  Accomplishments 

-We  have  for  the  first  time  shown  that  reducing  OGT  and  O-GlcNAc  levels  in  breast  cancer  cells 
block  growth  in  vitro  and  in  vivo. 

-We  have  for  the  first  time  shown  that  chemical  inhibitors  of  OGT  block  tumor  growth  and 
invasion  in  vitro. 

-Inhibition  of  cellular  invasion  by  reducing  OGT  is  associated  with  decreased  expression  of 
matrix  metalloproteinase  2  and  9. 

-We  have  shown  that  reducing  OGT  blocks  proliferation  by  inducing  G1  cell  cycle  arrest  and  is 
associated  with  increased  expression  ofCdk  inhibitor  p27. 

-We  have  shown  that  reducing  OGT  did  not  reduce  ErbB2mediated  signaling  thus  we  have 
focused  on  mechanisms  of  regulation  of  critical  transcription  factor  FoxMl,  a  key  regulator  of 
p27. 

-We  have  found  that  targeting  OGT  reduces  FoxMl  expression  at  the  level  of  protein  and 
dependent  on  proteasomal  degradation. 

-Overexpressing  a  degradation  mutant  form  of  FoxMl  partly  rescued  that  OGT  knockdown 
phenotype  suggesting  that  OGT  regulation  of  FoxMl  is  critical  for  cancer  phenotypes. 

-Overall,  our  group  was  the  first  to  link  elevated  levels  of  OGT/O-GlcN Ac  with  tumor 
phenotypes.  Since  our  publication,  two  additional  groups  have  found  similar  results  in  breast 
cancer  cells  and  leukemias. 


Reportable  Outcomes 

-We  have  validated  OGT  as  a  potential  therapeutic  target  for  treating  breast  cancer. 

-Targeting  OGT  blocks  breast  cancer  growth  in  vivo. 

-Targeting  OGT  blocks  cancer  growth  and  invasion  in  vitro. 

-We  have  found  one  novel  mechanism  of  how  OGT  regulates  breast  cancer  phenotype  by,  in 
part,  regulating  the  critical  oncogenic  transcription  factor  FoxMl. 

-We  have  presented  this  research  at  national  cancer  meetings  (listed  below)  and 
published  some  of  our  early  results.  An  additional  3  manuscripts  are  in  preparation  that 
have  resulted  from  studies  funded  by  the  grant.  In  addition,  we  will  be  receiving  NIH 
funding  (ROI  mechanism)  to  continue  this  project. 

Conferences  attended: 

Lynch,  TP,  Jackson,  SJ,  Shahriari,  KS,  Lazarus,  M,  Walker,  S,  Vosseller,  KA,  and  Reginato, 
MJ.  O-GlcNAc  Transferase  is  a  Novel  Regulator  of  Prostate  Cancer  Invasion  and  Angiogenesis 


10 


via  Regulation  of  FoxMl.  AACR/MRS  Tumor  Microenvironment  and  Metastasis  Meeting, 

September  2010 

Shahriari,  K.,  Jackson,  S.  R.,  Lynch,  T.,  Caldwell,  S.  A.,  Vosseller,  K.,  and  Reginato,  M.  J. 

Nutrient  sensor  O-GlcNAc  transferase  regulates  breast  cancer  tumorigenesis  via  targeting  of  the 
transcription  factor  FoxMl.  AACR:  Special  Conference  in  Cancer  Research,  Metabolism  and 
Cancer,  September  2009 

Lynch,  T.,  Jackson,  S.  R.,  Shahriari,  K.  S.,  Walker,  S.,  Vosseller,  K.,  and  Reginato,  M.  J. 

Nutrient  sensor  O-GlcNAc  transferase  is  a  novel  regulator  of  prostate  cancer  oncogenesis. 

AACR:  Special  Conference  in  Cancer  Research,  Metabolism  and  Cancer,  September  2009 

Caldwell,  S.  A.,  Vosseller,  K.,  and  Reginato,  M.  J.  Targeting  Protein  O-GlcNAc  Modifications 
Inhibits  Breast  Cancer  Phenotypes  In  Vitro.  Department  of  Defense  Breast  Cancer  Research 
Program,  Era  of  Hope  Meeting,  June  2008 

Publications: 

Caldwell,  S.  A.,  Jackson,  S.  R.,  Shahriari,  K.  S.,  Lynch,  T.,  Sethi,  G.,  Walker,  S.,  Vosseller,  K.,  and 
Reginato,  M.  J.  (2010)  Nutrient  Sensor  O-GlcNAc  Transferase  Regulates  Breast  Cancer  Tumorigenesis 
via  Targeting  of  the  Oncogenic  Transcription  Factor  FoxMl.  Oncogene.  May  13;  29:2831-42. 

Lynch,  T.,  Jackson,  S.  R.,  Shahriari,  K.  S.,  Walker,  S.,  Vosseller,  K.,  and  Reginato,  M.  J. 

Nutrient  sensor  O-GlcNAc  transferase  is  a  novel  regulator  of  prostate  cancer  invasion  and 
angiogenesis  (in  preparation ). 

Jackson,  S.  R.,  Shahriari,  K.  S.,  Lynch,  T.,  Vosseller,  K.,  and  Reginato,  M.  J.  O-GlcNAcylation 
protects  from  oncogenic  oxidative  Stress  (in  preparation). 

Conclusion 

During  the  overall  funding  period  (Sept.  08-Aug.-10)  we  have  completed  tasks  1,  2,  and  3.  We 
hope  to  complete  tasks  4  and  5  with  funding  from  NIH.  The  work  performed  to  date  has  supported 
the  novel  hypothesis  that  O-hyper-O-GlcNAcation  occurs  generally  in  cancer  and  represents  a  valid 
and  novel  potential  therapeutic  target  in  cancer.  Of  significance,  is  establishing  a  new  connection 
between  well  known  alterations  in  cancer  metabolism  (e.g.  the  Warburg  effect)  and  “downstream” 
molecular  sensing  of  these  metabolic  changes  by  the  post-translational  modification  O-GlcNAc 
which  contributes  to  oncogenic  signaling.  We’ve  established  some  of  the  consequences  of  this 
connection,  as  cell  cycle  control  through  p27  and  FoxMl  is  directly  altered  by  reversing  hyper-O- 
GlcNAcation  in  breast  cancer.  This  knowledge  introduces  the  enzymes  that  regulate  O-GlcNAc 
levels  as  novel  therapeutic  targets  in  cancer.  Importantly,  the  universality  of  metabolic  alterations  in 
cancer  indicate  that  our  findings  are  not  breast  cancer  specific,  but  will  likely  be  relevant  in  the 
context  of  cellular  transformation  in  general,  and  thus  be  of  importance  in  extrapolation  to  other 
cancers.  Indeed,  our  lab  has  shown  that  this  pathway  is  also  elevated  in  prostate  cancer  (funded  by 
internal  grant).  Thus,  our  results  and  conclusions  are  likely  to  have  far  reaching  influence  with  other 
researchers.  The  important  work  that  remains  in  the  breast  cancer  system,  is  to  determine  site- 
specific  mechanisms  of  how  elevated  O-GlcNAc  in  breast  cancer  contribute  to  oncogenesis.  This 
work  will  continue  in  my  lab  as  we  have  received  a  fundable  score  from  NIH  to  continue  this  project. 
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Figure  1.  Breast  cancer  cells  contain  eievatec  O-GIcNAcation  and  OGT  levels,  (a)  Protein 
lysates  from  indicated  cell  lines  were  collected  for  immunooiot  analysis  and  probed  with 
indicated  antibodies,  (b)  Normal  mammary  epithelial  cells  MCF-lOAano  MCF-12Aand 
breast  cancer  cells  MCF-10A-ErbB2,  BT20.  MDA-MB-231,  MDA-MB-453.  and  MDA-MB-468 
were  lysed  and  subjected  to  immunoblot  analysis  with  indicated  antibodies. 
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Figure  2.  Knockdown  of  OGT  reduces  O-GIcNAcation  and  inhibits  growth  of  MCF-10-ErbB2 
and  MDA-MB-231  cells  in  vitro,  (a)  MCF-10A-ErbB2  cells  infected  with  control,  OGT-1  or 
OGT-2  shRNA  pLKO.l  lentivirus  and  protein  lysates  were  collected  48  hrs  post-infection  for 
immunoblot  analysis  with  indicated  antibodies,  (b)  MCF-10A-ErbB2  cells  infected  as  in  A  for 
48  hrs  and  were  treated  for  24  hrs  with  indicated  concentration  of  9D  prior  to  lysis  and 
immunoblot  analysis  with  indicated  antibodies,  (c)  MCF-10A-ErbB2  cells  infected,  as  in  (a), 
and  placed  In  3D  morphogenesis  assay.  Cells  were  imaged  and  counted  at  indicated  time 
points,  (d)  Left.  MDA-MB-231  cells  infected  as  above  and  lysed  48  hrs  post-infection  and 
subjected  to  immunoblot  analysis  with  indicated  antibodies  or.  right,  cells  were  placed  in  soft 
agar  assays.  Colonies  were  stained  14  days  later  and  quantified.  Insert:  Image  showing 
representative  number  and  size  of  colonies. 
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Figure  3.  OGT  is  required  for  tumorigenic  growth  of  human  breast  cancer  cells  in  vivo,  (a)  MDA 
MB  231  cells  expressing  control,  OGT- 1  or  OGT-2  shRNA  were  lysed  and  analyzed  by  immunoblot 
analysis  with  indicated  antibodies  prior  to  injection  into  mice.  ( b)  Mean  tumor  volume  (mm?)  of  MDA 
MB  231  cells  expressing  control  (n=37).  OGT-1  (n=17),orOGT  2  (n=20)  shRNA  injected  into 
mammary  fat  pad  of  immunocompromised  mice  (Average  and  S  J£.;  Students  r  test.  'P  value  p<0.05). 
(c)  Top.  representative  mammary  fat  pad  tumor  in  mice  transplanted  with  MDA  MB  231  control 
shRNA  (right)  and  OGT-1  shRNA  cells  (left)  8  weeks  after  injection,  and.  bottom,  resected  tumors  8 
weeks  after  injection  of  MDA  MB  231  cells  expressing  control  or  OGT-1  shRNA.  (d)  Tumors  resected 
from  mice  were  lysed  and  analyzed  by  immunoblot  analysis  with  indicated  antibodies. 
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Figure  4.  Knockdown  of  OGT  inhibits  oell  cycle  progression  .elevates  p27K,e  expression,  and 
reduces  FoxM  1  expression  in  breast  cancer  cells,  (a)  Cell  cycle  analysis  of  MCF-  10A-HrbB2 
cells  48  hours  after  lentiviral  infection  with  control.  OGT- 1 .  or  OGT-2  shRNA.  Cells  were 
collected,  stained  with  Guava  Cell  Cycle  Reagent,  and  analyzed  by  flow  cytometry.  Cell  cycle 
distribution  was  determined  by  Guava  Cytosoft  Software,  (b),  (c),  Cell  lysates  were  collected 
from  MCF-  10A-ErbB2  cells  48  hours  after  lentiviral  infection  with  control.  OGT- 1 .  or  OGT-2 
shRNA.  Lysates  were  analyzed  by  immunoblot  analysis  w  ith  indicated  antibodies,  (d)  MDA- 
MB-231  cells  were  infected  with  retroviruses  encoding  control  vector,  wildtype  FoxMl .  or 
DN-DKEN -FoxMl.  Following  stable  selection. cells  were  infected  with  lentivirus  containing 
control  or  OGT- 1  shRNA  for  48  hrs.  lysed  and  analyzed  by  immunoblot  analysis  with  indicated 
antibodies. 
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Figure  5.  OGT  knockdown  blocks  invasion  and  reduces  MMP-2  expression  in  breast  cancer  cells,  (a) 
MCF-10A-ErbB2  cells  expressing  control,  OGT-1,  or  OGT-2  shRNA  were  placed  in  3D  culture.  At 
day  8,  cells  were  fixed  and  stained  for  confocal  microscopy  with  indicated  antibodies,  (b)  MCF-10A- 
ErbB2  cells  infected  with  control,  OGT-1,  or  OGT-2  shRNA  pLKO.l  were  placed  in  transwell 
invasion  slides  for  24  hrs.  Cells  in  bottom  of  well  were  DAPI  stained  and  counted,  (c)  Total  RNA  from 
MCF-10A-ErbB2  cells  infected  with  control,  OGT-1  or  OGT-2  shRNA  pLKO.l  were  collected  and 
used  to  assay  OGT  and  MMP-2  transcripts  using  QRT-PCR,  normalized  to  Cyclophilin  A.  Data 
expressed  as  normalized  expression  relative  to  control  shRNA.  (d)  Cell  lysates  from  MCF-10A-ErbB2 
cells  expressing  control,  OGT- 1  or  OGT-2  shRNA  were  collected  and  analyzed  by  immunoblot 
analysis  with  indicated  antibodies. 
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F  igure  6.  Pharmacological  OGT  inhibition  reduces  O  Glc.NAcation  and  blocks  growth  and 
invasion  of  MCF  10A  FrbB2  cells,  (a)  MCF  10A  HrbB2  cells  were  treated  with  control  (DMSO) 
or  500  uM  OGTi  for  48  hours.  Cells  were  lysed  and  proteins  analyzed  by  immunoblot  analysis 
with  indicated  antibodies,  (b)  MCF-10A-ErbB2  ceils  were  placed  in  soft-agar  assay  and  treated 
with  control  or  500  pM  OGTi  for  14  days.  Cell  were  stained,  colonies  were  counted  and  imaged 
(insert),  (c)  MCF  10A  HrbB2  cells  were  placed  in  3D  culture  and  treated  with  OGTi  (500  uM)  or 
control.  At  day  8.  phase  images  of  the  acini  were  taken,  (d)  MCF-  10A  ErbB2  cells  were  placed  in 
transwell  invasion  slides  in  the  presence  of  control  or  500  mM  OGTi. 
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Introduction 

Tumor  cells  have  altered  carbohydrate  metabolism,  producing  ATP  primarily  through 
glycolysis,  even  under  normal  oxygen  concentrations  (6).  This  metabolic  shift  in  cancer  cells, 
termed  the  “Warburg  effect”,  involves  increased  glucose  uptake  and  is  critical  in  supporting 
cancer  phenotypes  (27).  Changes  in  tumor  glucose  uptake  and  metabolism  also  alter  distinct 
nutrient  signaling  pathways,  including  mTOR,  AMPK,and  HBP  (15).  Indeed,  there  is  growing 
evidence  that  abnormalities  within  the  mTOR  and  AMPK  pathways  can  lead  to  abnormal  growth 
and  cancer  (8,  22).  The  majority  of  glucose  enters  glycolysis,  producing  ATP,  while 
approximately  2-5%  of  a  cell’s  glucose  enters  the  HBP  (16),  resulting  in  the  end  product  uridine 
diphosphate  (UDP)-N-acetylglucosamine  (UDP-GlcNAc)  (10).  While  flux  through  the  HBP  is 
likely  increased  in  tumor  cells  as  a  result  of  upregulated  glucose  uptake,  a  role  for  the  HBP  in 
oncogenesis  has  not  been  explored. 

UDP-GlcNAc  is  a  donor  substrate  in  the  enzymatic  covalent  addition  of  a  single 
monosaccharide  ( GlcNAc)  onto  serine  or  threonine  residues.  In  contrast  with  cdl  other  types  of 
glycosylation,  O-GlcNAc  modifies  a  wide  variety  of  cytosolic  and  nuclear  proteins.  O-GlcNAc 
acts  as  novel  regulatory  switch  mechanism  analogous  to  phosphorylation  (28).  Cytosolic  and 
nuclear  enzymes  dynamically  catalyze  addition  (O-GlcNAc  transferase  or  OGT)  and  removal 
( O-GlcNAcase )  of  O-GlcNAc  in  response  to  various  stimuli,  including  tyrosine  kinase  receptor 
activation  (24).  OGT  is  unique  among  glycosyltransferases  in  its  high  affinity  for  UDP-GlcNAc. 
As  a  consequence,  OGT  activity  responds  to  physiological  changes  in  UDP-GlcNAc  (13),  thus 
leading  to  elevated  0 -GlcNAc  modifications  in  response  to  increased  flux  through  the  HBP  (3). 
Accordingly,  OGT  is  positioned  to  act  as  a  molecular  sensor  of  enhanced  HBP  nutrient  flux, 
which  would  be  expected  in  cancer  cells.  O-GlcNAc  is  known  to  influence  protein-protein 
interactions  (21);  therefore,  modulations  of  O-GlcNAc  may  alter  the  formation  of  specific 
protein  complexes  involved  with  oncogenic  signaling.  Modulation  of  O-GlcNAc  levels  has  been 
linked  to  growth/survived  phenotypes  such  as  cell  cycle  progression  and  altered  mitotic 
phosphorylation  patterns  (2,  19,  23,  30),  demonstrating  that  a  proper  bcdance  of  O-GlcNAc  and 
phosphorylation  is  required  for  normal  cell  growth.  Recently,  it  was  shown  that  p53-cleficient 
mouse  embryonic  fibroblasts,  which  elevate  glycolysis,  display  increased  O-GlcNAcation  on  a 
number  of  proteins  (11).  Thus,  abnormal  levels  of  0 -GlcNAc  in  cancer  cells  may  contribute  to 
deregulated  post-translational  control  of  protein  function  linked  to  oncogenic  phenotypes. 

A  number  of  transcription  factors  are  known  to  be  modified  by  O-GlcNAc,  suggesting  this 
glucose-sensing  mechanism  can  directly  link  nutrient  status  to  gene  expression  (5).  Elevated 
expression  or  activity  ofFoxMl  is  associated  with  development  and  progression  of  numerous 
cancers  ( 18,  29).  FoxMl  serves  as  a  key  regulator  of  cell  proliferation  during  organ 
development  by  controlling  transcription  of  genes  critical  for  Gl/S  and  G2/M  progression  (18), 
including  Skp2  during  Gl/S  and  Nek2,  Sun’ivin  and  PLK1  during  G2/M.  Recently,  FoxMl 
overexpression  was  found  to  correlate  with  ErbB2  (HER2)  status  in  breast  cancers  (1).  FoxMl 
has  cdso  been  shown  to  regulate  cellular  invasion  via  transcriptional  regulation  of  matrix 
metalloproteinase s  (26).  Thus,  targeting  FoxMl  or  its  regulators  has  been  proposed  as  a  viable 
therapeutic  strategy  for  treating  cancer  (17). 

During  the  first  year  of  funding  we  provide  the  first  evidence  that  OGT  and  O-GlcNAc  levels 
are  elevated  in  breast  cancer  cells,  and  that  reducing  abnormally  high  O-GlcNAcation  inhibits 
cancer  cell  growth  in  vitro  and  in  vivo,  and  also  reduces  breast  cancer  cell  invasion.  Decreasing 
O-GlcNAc  levels  through  knockdown  of  OGT  in  cancer  cells  promotes  elevation  of  cell  cycle 
regulator  p27Kipl  and  reduces  expression  ofFoxMl,  in  addition  to  a  number  of  FoxMl  targets. 
Indeed,  regulation  of  FoxMl  may  provides  a  mechanism  through  which  decreased  levels  of  0- 
GlcNAc  inhibit  breast  cancer  phenotypes,  as  we  also  found  that  inhibition  of  invasion  by 
targeting  OGT  was  associated  with  reduction  in  FoxMl  transcriptional  target  MMP-2.  Our  data 
suggests  that  tumor  progression  is  associated  with  elevated  O-GlcNAcation,  which  deregulates 
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critical  factors  in  oncogenic  growth  and  invasion.  Additionally,  we  show  that  pharmacological 
inhibition  ofOGT  may  be  a  valuable  strategy  for  normalizing  oncogenic  phenotypes  in  breast 
cancer  transformation. 

Body 

Task  1:  Establish  whether  modulation  of  O-GlcNac  levels,  through  pharmacological  inhibition  or 
genetic  knock-down  of  enzymes  that  add  or  remove  O-GlcNAc,  can  inhibit  ErbB2-mediated 
oncogenic  phenotypes  in  vitro  in  the  absence  of  toxicity  in  non-transformed  cells  (months  1 — 6, 
PI:Reginato): 

We  will  test  effects  of  OGT  inhibitor  (XI)  and  OGT  RNAi  (lowering  of  O-GlcNAc)  as  well  as  inhibitors 
PUGNAc  and  9d  and  O-GlcNAcase  RNAi  (elevation  of  O-GlcNAc)  on: 

a.  Colony  formation  (growth  in  soft  agar)  of  ERBB2  expressing  MCF-10A  cells  and  breast  cancer  cell 
lines  (SKBR3  and  MDA-MB-453).  (months  1-3) 

Our  studies  completed  Breast  cancer  cell  lines  upregulate  O-GlcNAc  and  OGT  levels.  To  determine  whether  levels 
of  O-GlcNAc  modified  proteins  are  altered  in  cancer  cells,  we  compared  normal  epithelial  cells  to  established  breast 
cancer  cells  or  oncogene-overexpressing  cells.  We  found  that  MCF-10A  cells  overexpressing  the  activated  form  of 
ErbB2  (NeuT),  and  the  breast  cancer  cell  lines  SKBR3  and  MDA-MB-453,  contain  elevated  levels  of  O-GlcNAc- 
modified  proteins  compared  to  normal  human  immortalized  mammary  epithelial  MCF-10A  cells  (Fig.  1A).  We  then 
examined  whether  the  increase  in  O-GlcNAc-modified  proteins  in  breast  cancer  cell  lines  was  related  to  altered 
expression  of  OGT,  the  enzyme  responsible  for  catalyzing  O-GlcNAc  addition  to  proteins.  We  found  that  OGT  is 
overexpressed  in  five  different  breast  cancer  cell  lines  when  compared  to  normal  MCF-10A  and  MCF-12A  cells 
(Fig.  IB).  Our  data  thus  shows,  for  the  first  time,  that  breast  cancer  cells  contain  elevated  levels  of  O-GlcNAc  and 
OGT. 

OGT  is  required  for  malignant  growth  of  transformed  breast  cancer  cells  in  vitro.  To  test  whether  reducing 
abnormally  high  levels  of  O-GlcNAcation  alters  breast  cancer  phenotypes,  we  targeted  OGT  via  RNAi  in  MCF- 
10A-ErbB2  cells.  The  efficiency  of  two  different  OGT  shRNA  lentiviral  constructs  was  confirmed  by  western 
blotting.  We  detected  at  least  a  50%  knockdown  of  OGT  protein  compared  to  cells  infected  with  Control 
(scrambled)  shRNA  sequence  (Fig.  2A).  We  then  tested  if  reduction  of  OGT  led  to  global  decrease  in  O- 
GlcNAcation.  Cells  were  treated  with  or  without  the  specific  O-GlcNAcase  inhibitor  9D  (14)  to  block  enzymatic 
removal  of  O-GlcNAc.  MCF-10A-ErbB2  cells  infected  with  control  shRNA  lentivirus  displayed  a  significant 
increase  in  O-GlcNAcation  in  the  presence  of  9D  (Fig.  2B).  However,  cells  infected  with  RNAi  targeting  OGT  had 
significantly  decreased  basal  O-GlcNAcation,  and  completely  blocked  the  9D-induced  elevation  of  O-GlcNAcation 
(Fig.  2B);  the  decrease  of  OGT  levels  led  to  significant  reduction  in  O-GlcNAc  modified  proteins.  These  cells  were 
then  placed  in  three-dimensional  (3D)  culture  assays  or  soft  agar  assays  to  determine  the  effect  of  reducing  OGT 
levels  on  cancer  cell  growth.  Under  3D  conditions,  reduction  of  OGT  by  RNAi  in  MCF-10A-ErbB2  cells  caused 
dramatic  inhibition  of  oncogenic  phenotypes,  including  decreased  cell  growth  and  an  eight-fold  decrease  in  cell 
number  at  day  12  (Fig.  2C)  compared  to  control  RNAi  cells.  Additionally,  reduction  of  OGT  levels  in  MCF-10A- 
ErbB2  cells  shows  a  ten-fold  decrease  in  colony  formation  in  soft-agar  compared  to  control  cells  (data  not  shown). 
To  test  whether  reduction  of  abnormally  high  levels  of  O-GlcNAcation  could  alter  breast  cancer  phenotypes 
independent  of  ErbB2,  we  knocked  down  OGT  levels  in  the  highly  transformed  breast  cancer  cell  line  MDA-MB- 
231,  which  does  not  overexpress  ErbB2.  MDA-MB-231  cells  stably  infected  with  RNAi  against  OGT  showed  a 
three-fold  decrease  in  soft  agar  colony  formation  (Fig.  2D)  and  resulted  in  significant  inhibition  of  growth  in  3D 
conditions  compared  to  control  shRNA  infected  cells  (data  not  shown).  Knockdown  of  OGT  in  parental  MCF-10A 
cells  did  not  significantly  block  growth  or  ability  to  form  acinar  structures  in  3D  culture  (data  not  shown) 
suggesting  that  reducing  OGT  levels  in  non-transformed  cells  is  not  cytotoxic.  Consistent  with  the  idea  that  elevated 
OGT  contributes  to  tumor  cell  growth,  overexpression  of  OGT  in  MCF-10A-ErbB2  cells  increased  the  number  of 
soft  agar  colonies  (data  not  shown).  Thus,  we  show  that  OGT  and  abnormally  elevated  levels  of  O-GlcNAc  are 
required  and  may  contribute  to  transformed  growth  of  breast  cancer  cells  in  vitro. 

Our  data  completed  so  far  validates  our  initial  hypothesis  that  targeting  protein  O- 
GlycNAc  modifications  in  breast  cancer  cells  inhibits  tumor  phenotypes. 


b.  Proliferation  and  invasion  through  extracellular  matrix  by  MCF-10A-ERBB2  cells  and  extend  our 
preliminary  results  to  breast  cancer  cell  lines  using  3D  culture  assay,  (months  2-5) 
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Inhibition  ofOGT  decreases  cell  cycle  progression. 

To  further  investigate  the  growth-inhibitory  effect  ofOGT  knockdown  in  breast  cancer  cells,  we 
performed  cell  cycle  analysis  by  propidium  iodide  staining  and  flow  cytometry.  Reduction  ofOGT  in 
MCF-10A-ErbB2  cells  caused  a  significant  accumulation  of  cells  in  G1  phase  within  48  hours  compared 
to  control  shRNA  infected  cells;  72%  G1  content  in  OGT  shRNA  infected  cells  relative  to  47%  in  control 
shRNA  cells  (Fig.  4A).  With  OGT  shRNA,  we  also  observed  a  significant  decrease  in  S  and  G2/M  phase 
population  compared  to  control.  In  addition,  we  found  a  two-fold  decrease  in  Ki-67  staining  in  MCF-10A- 
ErbB2  and  MDA-MB-231  cells  expressing  OGT  shRNA  (Supplementary  Fig.  5 A).  We  did  not  detect  an 
increase  in  the  sub-Gl  population  of  cells  nor  did  we  detect  a  significant  change  in  DNA  fragmentation  at 
this  time  point  (data  not  shown),  suggesting  that  targeting  OGT  had  minimal  effects  on  apoptosis. 
Reducing  OGT  in  normal  MCF-10A  cells  caused  a  slight  increase  in  G1  population,  but  neither  this  (data 
not  shown)  nor  changes  in  Ki-67  staining  (data  not  shown)  were  statistically  significant. 

OGT  regulates  breast  cancer  cell  invasion.  We  observed  that  knockdown  ofOGT  in  breast  cancer  cells 
produced  fewer  invasive  protrusions  when  cultured  under  3D  conditions  (Fig.  5 A),  suggesting  that 
reduction  of  elevated  O-GlcNAcation  may  inhibit  cellular  invasion.  To  test  this  directly,  we  placed  MCF- 
10A-ErbB2  cells  targeted  with  OGT  or  control  shRNA  in  transwell  invasion  assays.  Knockdown  ofOGT 
in  MCF-10A-ErbB2  cells  led  to  a  three-fold  decrease  in  invasion  compared  to  controls  (Fig.  5B).  Breast 
cancer  invasion  and  metastasis  is  associated  with  elevated  levels  ofMMP-2  (7).  Since  Fo.xMl  regulates 
expression  ofMMP-2  in  pancreatic  cancer  cells  (26),  we  examined  levels  ofMMP-2  in  OGT  knockdown 
cells.  Indeed,  we  found  a  two-fold  decrease  in  expression  ofMMP-2  at  both  the  mRNA  (Fig.  5C)  and 
protein  level  (Fig.  5D)  in  MCF-10A-ErbB2  cells  when  OGT  is  knocked  down.  Our  data  suggest  that  OGT 
regulates  cancer  cell  invasion  by  modulating  MMP-2  expression,  possibly  via  regulation  ofFoxMl. 

c.  Anoikis  sensitivity  of  breast  cancer  cells,  (months  3-6) 

Knockdown  ofOGT  in  ErbB2  overexpressing  MCF-10A  cells  or  in  MDA-MB-231  cells  did  not 
induce  apoptosis  in  attached  or  cells  suspended  for  48  hours  (data  not  shown).  Thus,  reducing 
OGT  in  breast  cancer  cells  does  not  increase  anoikis  sensitivity. 

d.  Normal  growth  of  mammary  epithelial  cells  (parental  MCF-10A  cells)  in  standard  2D  and  3D 
conditions,  (months  3-6) 

Knockdown  of  OGT  in  parental  MCF-10A  cells  did  not  significantly  block  growth  or  ability  to 
form  acinar  structures  in  3D  culture  (data  not  shown)  suggesting  that  reducing  OGT  levels  in 
non-transformed  cells  is  not  cytotoxic. 

Outcomes:  We  expect  to  establish  that  breast  cancer  phenotypes  in  vitro  can  be  inhibited  by  modulating 
O-GlcNAc  levels,  while  in  parallel  studies  showing  a  lack  of  toxicity  in  normal  mammary  epithelial  cells. 

We  have  achieved  this  outcome. 

Task  2:  In  collaboration  with  Dr.  Senthil  Muthuswamy  (Cold  Spring  Harbor  Labs),  we  will  test 
whether  targeting  OGT,  the  enzyme  that  adds  O-GlcNAc  to  proteins  (with  OGT  RNAi  or  OGT 
inhibitor)  inhibits  oncogenic  phenotypes  in  vivo  (months  6-12,  PLReginato): 

Preliminary  studies  indicate  elevated  O-GlcNAc  in  ERBB2  transformed  cells,  and  suggest  that  lowering 
O-GlcNAc  levels  inhibits  oncogenic  phenotypes.  Thus,  lowering  of  O-GlcNAc  by  inhibition  or 
knockdown  of  OGT  will  be  the  focus  of  this  aim. 

a.  Using  a  mammary  fat  pad  transplantation  mouse  model,  we  will  inject  MCF-10A  cells  overexpressing 
ERBB2  into  thoracic  mammary  fat  pad  of  8-week-old  anesthetized  mice.  Cells  will  be  stably  expressing 
control  shRNA  vector  (pLKO- scrambled),  or  OGT  shRNA.  We  will  inject  one  fat  pad  with  MCF-10A- 
ERBB2  cells  containing  control  shRNA  and  the  contra  lateral  fat  pad  with  cells  containing  the  shRNA  to 
OGT  (13  mice).  Twenty  one  days  later,  mice  will  be  sacrificed  and  we  will  quantify  tumor  mass,  and 
determine  O-GlcNAc  and  OGT  levels. 

OGT  is  required  for  tumorigenic  growth  of  human  breast  cancer  cells  in  vivo.  We  next  examined  a  role  for 
OGT  in  promoting  oncogenic  phenotypes  in  vivo.  To  test  this,  we  performed  orthotopic  xenografts  of 
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MDA-MB-231  cells  stably  expressing  either  OGT  shRNA  or  control  shRNA.  OGT  knockdown  and 
decreased  basal  O-GlcNAcation  were  verified  by  western  blot  analysis  at  the  time  of  injection  (Fig.  3A). 
Control  and  OGT  knockdown  cells  were  then  injected  directly  into  contralateral  mammary  fat  pads  of 
immunocompromised  Nu/Nu  mice  to  avoid  inter-animal  variations.  A  four-fold  decrease  in  tumor  volume 
was  observed  in  mice  injected  with  OGT  knockdown  cells  compared  to  control  cells  at  the  end  of  8-week 
experiment  (Fig.  3B).  At  necropsy,  of  mice  injected  with  cells  expressing  scrambled  shRNA,  84% 
developed  visible  tumors  that  could  be  excised;  only  41%  of  mice  injected  with  cells  containing  OGT-1 
shRNA  (Fig.  3C)  and  40%  of  mice  injected  with  cells  containing  OGT-2  developed  visible  tumors  (data 
not  shown).  Tumor  mass  measurements  from  OGT  knockdown  cells  showed  a  similar  four-fold  reduction 
compared  to  tumors  from  control  cells  (data  not  shown).  Importantly,  tumors  that  eventually  grew  from 
OGT  knockdown  cells  restored  OGT  expression  (Fig.  3D)  and  had  similar  Ki-67  expression  (data  not 
shown),  suggesting  a  strong  selective  pressure  against  tumor  cells  deficient  in  OGT.  These  data  indicate 
the  importance  of  OGT  in  tumor  cell  growth  in  vivo. 


b.  We  will  repeat  fat  pad  injections  of  ERBB2-overexpressing  cells  treated  with  vehicle  control  or  OGT 
inhibitor  XI  (dose  to  be  determined  from  in  vitro  studies).  Fat  pad  will  be  injected  every  five  days  with 
additional  dose  of  OGT  inhibitor.  Analysis  of  tumor  weight,  mass  and  O-GlcNAc  levels  will  be  carried 
out  at  day  21. 

We  have  been  unable  to  perform  these  experiment  since  dose  used  in  vitro  to  inhibit  O-GlcNAcation  was 
between  200-500  pM  and  thus  not  able  to  achieve  this  dose  in  vivo.  Currently  collaborating  with  chemist 
Dr.  Suzanne  Wcdker  (Harvard  Medical  School)  and  testing  second  generation  OGT  inhibitors  that  are 
more  potent  and  soluble  in  vitro  before  testing  them  in  vivo. 

Outcomes:  We  expect  to  establish  that  breast  cancer  tumor  formation  in  vivo  can  be  inhibited  by  lowering 
O-GlcNAc  levels  through  targeting  of  the  enzyme  which  adds  O-GlcNAc  to  proteins. 

We  have  achieved  this  outcome. 

Task  3:  Identify  ERBB2-mediated  signaling  pathways  regulated  by  O-GlcNAc  (months  3-9, 

PI :  Reginato/V  osseller) : 

a.  Test  effects  of  PUGNAc,  9d,  OGT  inhibitor  XI,  and  OGT  RNAi  on  ERBB2-mediated  signaling 
pathways  by  using  activation  state  specific  phosphospecific  antibodies  against  following  targets:  ERBB2, 
ERBB1,  ERBB3,  ERBB4,  AKT,  MEK1/2,  ERK1/2,  and  IkBa.  (months  3-4) 

Inhibition  of  OGT  induces  p27Kipl  expression  via  regulation  ofFoxMl  in  breast  cancer  cells. 

Increase  in  the  population  of  cells  in  G1  suggestes  that  cell  cycle  regulators  may  be  altered  by 
reducing  OGT  expression.  Knockdown  of  OGT  results  in  a  significant  induction  ofp27k,pI  levels  and 
reduction  ofPCNA  in  MCF-10A-ErbB2  cells  (Fig.  4B),  as  well  as  in  MDA-MB-231  cells  (data  not 
shown),  consistent  with  cell  cycle  arrest  at  Gl.  The  regulation  ofp27Kipl  is  highly  complex;  it  is  well 
established  that  oncogenic  signaling,  including  receptor  tyrosine  kinase  (RTK),  c-Src,  and  MAP  kinase 
activation  in  cancer  cells  is  associated  with  increased  p27Kipl  proteolysis  (4).  Yet  knockdown  of  OGT  in 
MCF-10A-ErbB2  cells  did  not  reduce  activity  ofErbB2,  c-Src,  Erk  (Supplementary  Fig.  6),  or  Akt  (Fig. 
3B)  as  measured  with  respective  phospho-specific  antibodies.  Since  p27Kipl  mRNA  levels  were  not 
decreased  in  cells  depleted  of  OGT  (data  not  shown),  we  considered  alternative  pathways  regulating 
p27Kipl  degradation. 

Degradation  ofp27Kipl  is  primarily  regulated  by  the  SCFSKP 2  E3  ubiquitin  ligase  complex  (4).  This 
complex  includes  the  F-Box  protein  Skp2  that  targets  CDK  inhibitors  for  degradation  during  Gl/S 
transition.  We  find  that  OGT  knockdown  in  MCF  -10A-ErbB2  cells  (Fig.  4B)  and  MDA-MB-231  cells 
(data  not  shown)  decreases  Skp2  expression.  One  level  ofSkp2  regulation  is  through  transcriptional 
activation  by  FoxMl  (25).  We  find  in  MCF-10A-ErbB2  (Fig.  4B)  and  MDA-MB-231  cells  (data  not 
shown)  that  reducing  OGT  expression  leads  to  significant  decreases  in  FoxMl  protein  levels.  FoxMl  can 
regulate  progression  from  Gl  to  S  phase,  but  is  also  known  to  be  a  key  regulator  during  G2/M.  Indeed,  we 
find  that  FoxMl  specific  targets  involved  in  G2/M  phase,  including  Survivin,  Nek2  and  PLK1,  are  also 
decreased  in  OGT  knockdown  cells,  both  in  MCF-  10A-ErbB2  (Fig.  4C)  and  MDA-MB-231  cells  (data  not 
shown  ). 


7 


To  begin  addressing  the  mechanism  of  how  OGT  regulates  FoxMl  levels,  we  examined  effects  of 
OGT  knockdown  in  MDA-MB-231  cells  stably  expressing  exogenous  FoxMl.  Reducing  OGT 
levels  caused  downregulation  of  stably-overexpressed  wilcltype  FoxMl  protein  (Fig.  4D), 
suggesting  OGT  and  O-GlcNAcation  may  regulate  FoxMl  post-transcriptionally.  Recent  studies 
have  identified  the  N-terminus  of  FoxMl  as  being  a  substrate  for  ubiquitin-mediated 
degradation,  contributing  to  the  normal  changes  in  FoxMl  levels  across  the  cell  cycle  (12)  (20). 

The  N-terminus  of  FoxMl  contains  destruction  box  (D  box)  and  KEN -box  sequences,  short 
degradation  motifs  recognized  by  the  anaphase-promoting  complex  ( APC )  E3  ubiquitin  ligase 
(20)  (12).  FoxMl  regulation  by  O-GlcNAcation  required  the  N-terminus  of  FoxMl,  as  protein 
levels  of  a  deletion  mutant  missing  the  first  209  amino  acids  of  FoxMl  (AN-AKEN-FoxMl)  were 
no  longer  decreased  by  reducing  OGT  expression  as  compared  to  wildtype  FoxMl  (Fig.  4D).  To 
test  whether  overexpression  of  wildtype  or  mutant  FoxMl  can  rescue  cell  growth  defect  due  to 
downregulating  OGT,  we  placed  these  cells  in  3D  culture.  Cells  overexpressing  wildtype  or 
mutant  of  FoxMl  were  able  to  partially  overcome  the  inhibitory  effect  of  OGT  silencing  on  cell 
growth  in  3D  culture  (Fig.  4E).  In  addition,  knockdown  of  FoxMl  with  RNAi  in  MCF-10A- 
ErbB2  cells  or  MDA-MB-231  cells  caused  increased  expression  ofp27Kipl,  inhibition  of  growth 
in  3D  culture  and  soft  agar  results  similar  to  that  seen  in  OGT  knockdown  cells  (data  not 
shown).  The  reduction  of  FoxMl  protein  is  not  a  part  of  a  globed  alteration  in  protein 
degradation,  as  we  did  not  detect  changes  in  levels  of  other  Fox  transcription  family  members 
including  F 0X0 3a  (data  not  shown).  Moreover,  we  found  that  reduction  of  OGT  levels  led  to  no 
significant  change  in  expression  of  a  number  of  transcription  factors  implicated  in  breast  cancer, 
including  p53,  c-Myc,  and NF-kB  (data  not  shown). 

b.  Verify  changes  seen  with  phosphospecific  antibodies  by  doing  in  vitro  kinase/enzymatic  assays  on 
immunoprecipitated  ERBB2  signaling  enzymes,  (months  4-5) 

Since  we  did  not  detect  inhibition  of  ErbB2 -mediated  signaling  pathways  when  reducing  OGT 
expression  we  focused  on  whether  FoxMl  was  directly  modified  by  O-GlcNAc.. 


c.  Use  western  blotting  against  O-GlcNAc  to  define  O-GlcNAc  modification  of  immunoprecipitated 
molecules  in  ERBB2  signaling  pathways,  (months  4-6) 

Since  other  Fox  transcription  family  members  have  been  shown  to  be  directly  modified  by  O-GlcNAc,  we 
tested  whether  FoxMl  is  modified  by  O-GlcNAc.  FoxMl  immunoprecipitated  from  MDA-MB-231  cells 
overexpressing  wildtype  FoxMl  did  not  show  any  O-GlcNAc  modifications,  while  endogenous  Spl,  a 
transcription  factor  known  to  be  modified  by  O-GlcNAc  (9),  was  highly  modified  under  similar  conditions 
(data  not  shown).  Thus,  our  data  show  that  breast  cancer  cell  growth  inhibition  via  targeting  OGT  is 
associated  with  increased  cell  cycle  arrest  at  Gl,  elevated  expression  ofp27Kipl,  and  specific  post- 
transcriptional  downregulation  of  the  oncogenic  transcription  factor  FoxMl  and  its  targets.  However, 
FoxMl  is  not  directly  O-GlcNAcated,  suggesting  that  OGT  may  be  regulating  FoxMl  indirectly. 


Outcomes:  We  expect  to  identify  specific  steps  in  ERBB2  signaling  pathways  that  are  altered  by 
modulation  of  O-GlcNAc  levels  which  will  suggest  links  between  these  biochemical  changes  and 
phenotypic  effects  on  transformed  cells  in  task  1  and  2.  We  also  expect  to  identify  kinases/signaling 
molecules  directly  modified  by  O-GlcNAc,  which  would  suggest  specific  O-GlcNAc  regulatory  potential 
in  altered  states  of  signaling  observed. 

We  have  linked  phenotypic  changes  to  regulation  of  key  oncogenic  transcription  factor  FoxMl.  We  have 
recently  shown  that  reducing  OGT  caused  increased  proteasomal  degradation  of  FoxMl  since 
degradation  mutant  of  FoxMl  is  no  longer  reduced  when  inhibit  OGT.  We  are  currently  trying  to 
understand  how  O-GlcNAc  regulates  FoxMl  degradation. 
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Task  4.  Quantitatively  identify  O-GlcNAc  sites,  phosphorylation  sites,  and  binding 
partners  of  selected  ERBB2  signaling  molecules  in  transformation  and  in  response  to 
modulation  of  O-GlcNAc  (months  4-18,  PI:Vossseller): 

a.  Immunoprecipitate  O-GlcNAc  modified  ERBB2  signaling  molecules  and  their  complexes  and 
identify  sites  of  O-GlcNAc/phosphorylation  and  interacting  proteins  with  mass  spectrometry 
(months  4-12). 

We  have  carried  out  mass  spec  analysis  on  FoxMl  under  conditions  of  elevated  O-GlcNAcation 
and  found  no  evidence  of  direct  O-GlcNAcation  (data  not  shown).  This  data,  along  with  lack  of 
O-GlcNAcation  following  FoxMl  IP,  suggest  that  FoxMl  is  not  directly  modified.  We  are 
currently  examining  whether  proteins  that  regulate  FoxMl  stability  are  directly 
modified/regulated  by  O-GlcNAc. 

b.  Use  differential  isotopic  labeling  with  iTRAQ  reagents  to  measure  site-specific  changes  in  O- 
GlcNAc,  phosphorylation,  or  protein  interactions  in  response  to  cellular  transformation  and/or 
modulation  of  O-GlcNAc.  (months  8-18). 

-Once  we  identify  proteins  regulating  FoxMl  degradation,  we  will  examine  site-specific  changes 
in  O-GlcNAc.. 

Outcomes:  We  expect  to  identify  specific  O-GlcNAc  and  phosphorylation  sites,  and  binding 
partners  of  ERBB2  signaling  molecules  that  may  be  altered  in  states  of  transformation  and/or 
modulated  O-GlcNAc.  Such  results  may  reveal  functional  interplay  between  O-GlcNAc, 
phosphorylation,  and  protein-protein  interactions  which  would  suggest  models  of  O-GlcNAc 
involvement  in  oncogenic  signaling  which  may  underlie  phenotypic  effects  of  O-GlcNAc 
modulation  on  transformed  cells  observed  in  task  1  and  2. 

Task  5.  Determine  functions  of  O-GlcNAc  sites  mapped  on  selected  ERBB2  signaling 
molecule(s)  (months  12-24,  PI:Vosseller/Reginato): 

a.  Express  selected  ERBB2  signaling  molecule(s)  with  O-GlcNAc  site(s)  mutagenized,  and 
characterize  effect  of  site-specific  loss  of  O-GlcNAc  on  protein-protein  interactions, 
phosphorylation  events,  localization,  activity,  and  transformed  phenotypes  in  cells,  (months  12- 
24). 

-Since  we  found  that  no  ErbB 2 -mediated  signaling  pathways  were  inhibited  by  OGT  knockdown, 
we  did  not  proceed  with  this  aim. 

b.  Specifically  determine  the  effects  of  MEK2  O-GlcNAc  modification  at  threonine  396  (by  site- 
directed  mutagenesis)  on  negative  regulatory  phosphorylation  of  MEK2  at  threonine  394  (using 
phosphospecific  antibody  and  mass  spec),  MEK2  activity,  MEK  association  with  MP1,  and  the 
downstream  activation  of  MAP  kinase. 

-  Since  we  found  that  no  ErbB2 -mediated  signaling  pathways  were  inhibited  by  OGT  knockdown, 
we  did  not  proceed  with  this  cum. 

c.  If  time  allows,  in  support  of  Task  5a,  we  will  generate  recombinant  forms  of  selected  ERBB2 
signaling  molecule(s)  either  unmodified  or  O-GlcNAc  modified  and  characterize  effect  of  O- 
GlcNAc  on  protein-protein  interactions,  activity,  or  specific  phosphorylation  events  in  vitro 
(months  14-24). 
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-  Since  we  found  that  no  ErbB2 -mediated  signaling  pathways  were  inhibited  by  OGT  knockdown, 
we  did  not  proceed  with  this  aim. 

Outcomes:  We  expect  to  define  specific  regulatory  roles  of  site-specific  O-GlcNAc  modification 
events  in  ERBB2  signaling,  relevant  to  effects  of  modulated  O-GlcNAc  on  transformed 
phenotypes. 


Key  Research  Accomplishments 

-We  have  for  the  first  time  shown  that  reducing  OGT  and  O-GlcNAc  levels  in  breast  cancer  cells 
block  growth  in  vitro  and  in  vivo. 

-We  have  for  the  first  time  shown  that  chemical  inhibitors  of  OGT  block  tumor  growth  and 
invasion  in  vitro. 

-Inhibition  of  cellular  invasion  by  reducing  OGT  is  associated  with  decreased  expression  of 
matrix  metalloproteinase  2  and  9. 

-We  have  shown  that  reducing  OGT  blocks  proliferation  by  inducing  G1  cell  cycle  arrest  and  is 
associated  with  increased  expression  ofCdk  inhibitor  p27. 

-We  have  shown  that  reducing  OGT  did  not  reduce  ErbB2mediated  signaling  thus  we  have 
focused  on  mechanisms  of  regulation  of  critical  transcription  factor  FoxMl,  a  key  regulator  of 
p27. 

-We  have  found  that  targeting  OGT  reduces  FoxMl  expression  at  the  level  of  protein  and 
dependent  on  proteasomal  degradation. 

-Overexpressing  a  degradation  mutant  form  of  FoxMl  partly  rescued  that  OGT  knockdown 
phenotype  suggesting  that  OGT  regulation  of  FoxMl  is  critical  for  cancer  phenotypes. 

-Overall,  our  group  was  the  first  to  link  elevated  levels  of  OGT/O-GlcN Ac  with  tumor 
phenotypes.  Since  our  publication,  two  additional  groups  have  found  similar  results  in  breast 
cancer  cells  and  leukemias. 


Reportable  Outcomes 

-We  have  validated  OGT  as  a  potential  therapeutic  target  for  treating  breast  cancer. 

-Targeting  OGT  blocks  breast  cancer  growth  in  vivo. 

-Targeting  OGT  blocks  cancer  growth  and  invasion  in  vitro. 

-We  have  found  one  novel  mechanism  of  how  OGT  regulates  breast  cancer  phenotype  by,  in 
part,  regulating  the  critical  oncogenic  transcription  factor  FoxMl. 

-We  have  presented  this  research  at  national  cancer  meetings  (listed  below)  and 
published  some  of  our  early  results.  An  additional  3  manuscripts  are  in  preparation  that 
have  resulted  from  studies  funded  by  the  grant.  In  addition,  we  will  be  receiving  NIH 
funding  (ROI  mechanism)  to  continue  this  project. 

Conferences  attended: 

Lynch,  TP,  Jackson,  SJ,  Shahriari,  KS,  Lazarus,  M,  Walker,  S,  Vosseller,  KA,  and  Reginato, 
MJ.  O-GlcNAc  Transferase  is  a  Novel  Regulator  of  Prostate  Cancer  Invasion  and  Angiogenesis 
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via  Regulation  of  FoxMl.  AACR/MRS  Tumor  Microenvironment  and  Metastasis  Meeting, 

September  2010 

Shahriari,  K.,  Jackson,  S.  R.,  Lynch,  T.,  Caldwell,  S.  A.,  Vosseller,  K.,  and  Reginato,  M.  J. 

Nutrient  sensor  O-GlcNAc  transferase  regulates  breast  cancer  tumorigenesis  via  targeting  of  the 
transcription  factor  FoxMl.  AACR:  Special  Conference  in  Cancer  Research,  Metabolism  and 
Cancer,  September  2009 

Lynch,  T.,  Jackson,  S.  R.,  Shahriari,  K.  S.,  Walker,  S.,  Vosseller,  K.,  and  Reginato,  M.  J. 

Nutrient  sensor  O-GlcNAc  transferase  is  a  novel  regulator  of  prostate  cancer  oncogenesis. 

AACR:  Special  Conference  in  Cancer  Research,  Metabolism  and  Cancer,  September  2009 

Caldwell,  S.  A.,  Vosseller,  K.,  and  Reginato,  M.  J.  Targeting  Protein  O-GlcNAc  Modifications 
Inhibits  Breast  Cancer  Phenotypes  In  Vitro.  Department  of  Defense  Breast  Cancer  Research 
Program,  Era  of  Hope  Meeting,  June  2008 

Publications: 

Caldwell,  S.  A.,  Jackson,  S.  R.,  Shahriari,  K.  S.,  Lynch,  T.,  Sethi,  G.,  Walker,  S.,  Vosseller,  K.,  and 
Reginato,  M.  J.  (2010)  Nutrient  Sensor  O-GlcNAc  Transferase  Regulates  Breast  Cancer  Tumorigenesis 
via  Targeting  of  the  Oncogenic  Transcription  Factor  FoxMl.  Oncogene.  May  13;  29:2831-42. 

Lynch,  T.,  Jackson,  S.  R.,  Shahriari,  K.  S.,  Walker,  S.,  Vosseller,  K.,  and  Reginato,  M.  J. 

Nutrient  sensor  O-GlcNAc  transferase  is  a  novel  regulator  of  prostate  cancer  invasion  and 
angiogenesis  (in  preparation ). 

Jackson,  S.  R.,  Shahriari,  K.  S.,  Lynch,  T.,  Vosseller,  K.,  and  Reginato,  M.  J.  O-GlcNAcylation 
protects  from  oncogenic  oxidative  Stress  (in  preparation). 

Conclusion 

During  the  overall  funding  period  (Sept.  08-Aug.-10)  we  have  completed  tasks  1,  2,  and  3.  We 
hope  to  complete  tasks  4  and  5  with  funding  from  NIH.  The  work  performed  to  date  has  supported 
the  novel  hypothesis  that  O-hyper-O-GlcNAcation  occurs  generally  in  cancer  and  represents  a  valid 
and  novel  potential  therapeutic  target  in  cancer.  Of  significance,  is  establishing  a  new  connection 
between  well  known  alterations  in  cancer  metabolism  (e.g.  the  Warburg  effect)  and  “downstream” 
molecular  sensing  of  these  metabolic  changes  by  the  post-translational  modification  O-GlcNAc 
which  contributes  to  oncogenic  signaling.  We’ve  established  some  of  the  consequences  of  this 
connection,  as  cell  cycle  control  through  p27  and  FoxMl  is  directly  altered  by  reversing  hyper-O- 
GlcNAcation  in  breast  cancer.  This  knowledge  introduces  the  enzymes  that  regulate  O-GlcNAc 
levels  as  novel  therapeutic  targets  in  cancer.  Importantly,  the  universality  of  metabolic  alterations  in 
cancer  indicate  that  our  findings  are  not  breast  cancer  specific,  but  will  likely  be  relevant  in  the 
context  of  cellular  transformation  in  general,  and  thus  be  of  importance  in  extrapolation  to  other 
cancers.  Indeed,  our  lab  has  shown  that  this  pathway  is  also  elevated  in  prostate  cancer  (funded  by 
internal  grant).  Thus,  our  results  and  conclusions  are  likely  to  have  far  reaching  influence  with  other 
researchers.  The  important  work  that  remains  in  the  breast  cancer  system,  is  to  determine  site- 
specific  mechanisms  of  how  elevated  O-GlcNAc  in  breast  cancer  contribute  to  oncogenesis.  This 
work  will  continue  in  my  lab  as  we  have  received  a  fundable  score  from  NIH  to  continue  this  project. 
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Figure  1.  Breast  cancer  cells  contain  eievatec  O-GIcNAcation  and  OGT  levels,  (a)  Protein 
lysates  from  indicated  cell  lines  were  collected  for  immunooiot  analysis  and  probed  with 
indicated  antibodies,  (b)  Normal  mammary  epithelial  cells  MCF-lOAano  MCF-12Aand 
breast  cancer  cells  MCF-10A-ErbB2,  BT20.  MDA-MB-231,  MDA-MB-453.  and  MDA-MB-468 
were  lysed  and  subjected  to  immunoblot  analysis  with  indicated  antibodies. 
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Figure  2.  Knockdown  of  OGT  reduces  O-GIcNAcation  and  inhibits  growth  of  MCF-10-ErbB2 
and  MDA-MB-231  cells  in  vitro,  (a)  MCF-10A-ErbB2  cells  infected  with  control,  OGT-1  or 
OGT-2  shRNA  pLKO.l  lentivirus  and  protein  lysates  were  collected  48  hrs  post-infection  for 
immunoblot  analysis  with  indicated  antibodies,  (b)  MCF-10A-ErbB2  cells  infected  as  in  A  for 
48  hrs  and  were  treated  for  24  hrs  with  indicated  concentration  of  9D  prior  to  lysis  and 
immunoblot  analysis  with  indicated  antibodies,  (c)  MCF-10A-ErbB2  cells  infected,  as  in  (a), 
and  placed  In  3D  morphogenesis  assay.  Cells  were  imaged  and  counted  at  indicated  time 
points,  (d)  Left.  MDA-MB-231  cells  infected  as  above  and  lysed  48  hrs  post-infection  and 
subjected  to  immunoblot  analysis  with  indicated  antibodies  or.  right,  cells  were  placed  in  soft 
agar  assays.  Colonies  were  stained  14  days  later  and  quantified.  Insert:  Image  showing 
representative  number  and  size  of  colonies. 
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Figure  3.  OGT  is  required  for  tumorigenic  growth  of  human  breast  cancer  cells  in  vivo,  (a)  MDA 
MB  231  cells  expressing  control,  OGT- 1  or  OGT-2  shRNA  were  lysed  and  analyzed  by  immunoblot 
analysis  with  indicated  antibodies  prior  to  injection  into  mice.  ( b)  Mean  tumor  volume  (mm?)  of  MDA 
MB  231  cells  expressing  control  (n=37).  OGT-1  (n=17),orOGT  2  (n=20)  shRNA  injected  into 
mammary  fat  pad  of  immunocompromised  mice  (Average  and  S  J£.;  Students  r  test.  'P  value  p<0.05). 
(c)  Top.  representative  mammary  fat  pad  tumor  in  mice  transplanted  with  MDA  MB  231  control 
shRNA  (right)  and  OGT-1  shRNA  cells  (left)  8  weeks  after  injection,  and.  bottom,  resected  tumors  8 
weeks  after  injection  of  MDA  MB  231  cells  expressing  control  or  OGT-1  shRNA.  (d)  Tumors  resected 
from  mice  were  lysed  and  analyzed  by  immunoblot  analysis  with  indicated  antibodies. 
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Figure  4.  Knockdown  of  OGT  inhibits  oell  cycle  progression  .elevates  p27K,e  expression,  and 
reduces  FoxM  1  expression  in  breast  cancer  cells,  (a)  Cell  cycle  analysis  of  MCF-  10A-HrbB2 
cells  48  hours  after  lentiviral  infection  with  control.  OGT- 1 .  or  OGT-2  shRNA.  Cells  were 
collected,  stained  with  Guava  Cell  Cycle  Reagent,  and  analyzed  by  flow  cytometry.  Cell  cycle 
distribution  was  determined  by  Guava  Cytosoft  Software,  (b),  (c),  Cell  lysates  were  collected 
from  MCF-  10A-ErbB2  cells  48  hours  after  lentiviral  infection  with  control.  OGT- 1 .  or  OGT-2 
shRNA.  Lysates  were  analyzed  by  immunoblot  analysis  w  ith  indicated  antibodies,  (d)  MDA- 
MB-231  cells  were  infected  with  retroviruses  encoding  control  vector,  wildtype  FoxMl .  or 
DN-DKEN -FoxMl.  Following  stable  selection. cells  were  infected  with  lentivirus  containing 
control  or  OGT- 1  shRNA  for  48  hrs.  lysed  and  analyzed  by  immunoblot  analysis  with  indicated 
antibodies. 
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Figure  5.  OGT  knockdown  blocks  invasion  and  reduces  MMP-2  expression  in  breast  cancer  cells,  (a) 
MCF-10A-ErbB2  cells  expressing  control,  OGT-1,  or  OGT-2  shRNA  were  placed  in  3D  culture.  At 
day  8,  cells  were  fixed  and  stained  for  confocal  microscopy  with  indicated  antibodies,  (b)  MCF-10A- 
ErbB2  cells  infected  with  control,  OGT-1,  or  OGT-2  shRNA  pLKO.l  were  placed  in  transwell 
invasion  slides  for  24  hrs.  Cells  in  bottom  of  well  were  DAPI  stained  and  counted,  (c)  Total  RNA  from 
MCF-10A-ErbB2  cells  infected  with  control,  OGT-1  or  OGT-2  shRNA  pLKO.l  were  collected  and 
used  to  assay  OGT  and  MMP-2  transcripts  using  QRT-PCR,  normalized  to  Cyclophilin  A.  Data 
expressed  as  normalized  expression  relative  to  control  shRNA.  (d)  Cell  lysates  from  MCF-10A-ErbB2 
cells  expressing  control,  OGT- 1  or  OGT-2  shRNA  were  collected  and  analyzed  by  immunoblot 
analysis  with  indicated  antibodies. 
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F  igure  6.  Pharmacological  OGT  inhibition  reduces  O  Glc.NAcation  and  blocks  growth  and 
invasion  of  MCF  10A  FrbB2  cells,  (a)  MCF  10A  HrbB2  cells  were  treated  with  control  (DMSO) 
or  500  uM  OGTi  for  48  hours.  Cells  were  lysed  and  proteins  analyzed  by  immunoblot  analysis 
with  indicated  antibodies,  (b)  MCF-10A-ErbB2  ceils  were  placed  in  soft-agar  assay  and  treated 
with  control  or  500  pM  OGTi  for  14  days.  Cell  were  stained,  colonies  were  counted  and  imaged 
(insert),  (c)  MCF  10A  HrbB2  cells  were  placed  in  3D  culture  and  treated  with  OGTi  (500  uM)  or 
control.  At  day  8.  phase  images  of  the  acini  were  taken,  (d)  MCF-  10A  ErbB2  cells  were  placed  in 
transwell  invasion  slides  in  the  presence  of  control  or  500  mM  OGTi. 
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Nutrient  sensor  O-GlcNAc  transferase  regulates  breast  cancer 
tumorigenesis  through  targeting  of  the  oncogenic  transcription 
factor  FoxMl 
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Cancer  cells  upregulate  glycolysis,  increasing  glucose 
uptake  to  meet  energy  needs.  A  small  fraction  of  a  cell’s 
glucose  enters  the  hexosamine  biosynthetic  pathway 
(HBP),  which  regulates  levels  of  O-linked  p-A-acetylglu- 
cosamine  (O-GlcNAc),  a  carbohydrate  posttranslational 
modification  of  diverse  nuclear  and  cytosolic  proteins.  We 
discovered  that  breast  cancer  cells  upregulate  the  HBP, 
including  increased  O-GlcNAcation  and  elevated  expres¬ 
sion  of  O-GlcNAc  transferase  (OGT),  which  is  the  enzyme 
catalyzing  the  addition  of  O-GlcNAc  to  proteins.  Reduc¬ 
tion  of  O-GlcNAcation  through  RNA  interference  of  OGT 
in  breast  cancer  cells  leads  to  inhibition  of  tumor  growth 
both  in  vitro  and  in  vivo  and  is  associated  with  decreased 
cell-cycle  progression  and  increased  expression  of  the  cell- 
cycle  inhibitor  p27Kipl.  Elevation  of  p27Kipl  was  associated 
with  decreased  expression  and  activity  of  the  oncogenic 
transcription  factor  FoxMl,  a  known  regulator  of  p27Kipl 
stability  through  transcriptional  control  of  Skp2.  Reducing 
O-GlcNAc  levels  in  breast  cancer  cells  decreased  levels 
of  FoxMl  protein  and  caused  a  decrease  in  multiple 
FoxMl-specific  targets,  including  Skp2.  Moreover,  redu¬ 
cing  O-GlcNAcation  decreased  cancer  cell  invasion  and 
was  associated  with  the  downregulation  of  matrix  metallo¬ 
proteinase-2,  a  known  FoxMl  target.  Finally,  pharmaco¬ 
logical  inhibition  of  OGT  in  breast  cancer  cells  had  similar 
anti-growth  and  anti-invasion  effects.  These  findings 
identify  O-GlcNAc  as  a  novel  mechanism  through  which 
alterations  in  glucose  metabolism  regulate  cancer  growth 
and  invasion  and  suggest  that  OGT  may  represent  novel 
therapeutic  targets  for  breast  cancer. 
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Introduction 

Tumor  cells  have  altered  carbohydrate  metabolism, 
producing  ATP  primarily  through  glycolysis,  even  under 
normal  oxygen  concentrations  (Dang  and  Semenza, 
1999).  This  metabolic  shift  in  cancer  cells,  termed  the 
‘Warburg  effect’,  involves  increased  glucose  uptake  and 
is  critical  in  supporting  cancer  phenotypes  (Warburg, 
1956).  Changes  in  tumor  glucose  uptake  and  meta¬ 
bolism  also  alter  distinct  nutrient  signaling  pathways, 
including  mammalian  target  of  rapamycin,  AMP- 
activated  protein  kinase  and  hexosamine  biosynthetic 
pathway  (HBP)  (Marshall,  2006).  Indeed,  there  is 
growing  evidence  that  suggests  that  abnormalities  within 
the  mammalian  target  of  rapamycin  and  AMP-activated 
protein  kinase  pathways  can  lead  to  abnormal  growth 
and  cancer  (Shaw,  2006;  Guertin  and  Sabatini,  2007). 
The  majority  of  glucose  enters  glycolysis,  producing 
ATP,  whereas  approximately  2-5%  of  a  cell’s  glucose 
enters  the  HBP  (Marshall  et  al.,  1991),  resulting  in  the 
end  product  uridine  diphosphate  (UDP)-V-acetylglucos- 
amine  (UDP-GlcNAc)  (Hart  et  al.,  2007).  Although  flux 
through  the  HBP  is  likely  increased  in  tumor  cells  as  a 
result  of  upregulated  glucose  uptake,  a  role  for  the  HBP 
in  oncogenesis  has  not  yet  been  explored. 

UDP-GlcNAc  is  a  donor  substrate  in  the  enzymatic 
covalent  addition  of  a  single  monosaccharide  (GlcNAc) 
onto  serine  or  threonine  residues.  In  contrast  with  all 
other  types  of  glycosylation,  O-linked  p-V-acetylglucos- 
amine  (O-GlcNAc)  modifies  a  wide  variety  of  cytosolic 
and  nuclear  proteins.  O-GlcNAc  acts  as  novel  regulatory 
switch  mechanism  analogous  to  phosphorylation  (Wells 
et  al.,  2001).  Cytosolic  and  nuclear  enzymes  dynamically 
catalyze  both  the  addition  (O-GlcNAc  transferase  or 
OGT)  and  the  removal  (O-GlcNAcase)  of  O-GlcNAc  in 
response  to  various  stimuli,  including  tyrosine  kinase 
receptor  activation  (Vosseller  et  al.,  2002).  OGT  is  unique 
among  glycosyltransferases  in  its  high  affinity  for  UDP- 
GlcNAc.  As  a  consequence,  OGT  activity  responds  to 
physiological  changes  in  UDP-GlcNAc  (Lubas  and 
Hanover,  2000),  thus  leading  to  elevated  O-GlcNAc 
modifications  in  response  to  increased  flux  through  the 
HBP  (Buse  et  al.,  2002).  Accordingly,  OGT  is  positioned 
to  function  as  a  molecular  sensor  of  enhanced  HBP 
nutrient  flux,  which  would  be  expected  in  cancer  cells. 
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O-GlcNAc  is  known  to  influence  protein-protein  interac¬ 
tions  (Roos  et  al.,  1997);  therefore,  modulations  of 
O-GlcNAc  may  alter  the  formation  of  specific  protein 
complexes  involved  in  oncogenic  signaling.  Modulation 
of  O-GlcNAc  levels  is  linked  to  growth/survival  pheno¬ 
types  such  as  cell-cycle  progression  and  altered  mitotic 
phosphorylation  patterns  (Boehmelt  et  al.,  2000;  Zhu 
et  al.,  2001;  O’Donnell  et  al.,  2004;  Slawson  et  al.,  2005), 
showing  that  a  proper  balance  between  O-GlcNAcation 
and  phosphorylation  is  required  for  normal  cell  growth. 
Recently,  it  was  shown  that  p53-deficient  mouse  embryonic 
fibroblasts,  which  increase  glycolysis,  display  increased  O- 
GlcNAcation  on  a  number  of  proteins  (Kawauchi  et  al., 
2009).  Thus,  abnormal  levels  of  O-GlcNAc  in  cancer  cells 
may  contribute  to  deregulated  posttranslational  control  of 
protein  function  linked  to  oncogenic  phenotypes. 

A  number  of  transcription  factors  are  known  to  be 
modified  by  O-GlcNAc,  suggesting  that  this  glucose¬ 
sensing  mechanism  can  directly  link  nutrient  status  to  gene 
expression  (Comer  and  Hart,  1999).  Elevated  expression 
or  activity  of  FoxMl  is  associated  with  the  development 
and  progression  of  numerous  cancers  (Wonsey  and 
Follettie,  2005;  Myatt  and  Fam,  2007).  FoxMl  serves  as 
a  key  regulator  of  cell  proliferation  during  organ 
development  by  controlling  transcription  of  genes  critical 
for  Gl/S  and  G2/M  progression  (Myatt  and  Fam,  2007), 
including  Skp2  during  Gl/S  and  Nek2,  Survivin  and 
PLK1  during  G2/M.  Recently,  FoxMl  overexpression 
was  found  to  correlate  with  ErbB2  (HER2)  status  in  breast 
cancers  (Bektas  et  al.,  2008).  FoxMl  has  also  been  shown 
to  regulate  cellular  invasion  through  the  transcriptional 
regulation  of  matrix  metalloproteinases  (MMPs)  (Wang 
et  al.,  2007).  Thus,  targeting  FoxMl  or  its  regulators  has 
been  proposed  as  a  viable  therapeutic  strategy  for  treating 
cancer  (Myatt  and  Lam,  2008). 

In  this  study,  we  provide  the  first  evidence  that  OGT  and 
O-GlcNAc  levels  are  elevated  in  breast  cancer  cells,  and  that 
reducing  abnormally  high  O-GlcNAcation  inhibits  cancer 
cell  growth  in  vitro  and  in  vivo,  and  also  reduces  breast 
cancer  cell  invasion.  Decreasing  O-GlcNAc  levels  through 
knockdown  of  OGT  in  cancer  cells  promotes  elevation  of 
the  cell-cycle  regulator  p27Kipl  and  reduces  expression  of 
FoxMl,  in  addition  to  a  number  of  FoxMl  targets.  Indeed, 
regulation  of  FoxMl  may  provide  a  mechanism  through 
which  decreased  levels  of  O-GlcNAc  inhibit  breast  cancer 
phenotypes,  as  we  also  found  that  inhibition  of  invasion  by 
targeting  OGT  was  associated  with  reduction  in  the  FoxMl 
transcriptional  target  MMP-2.  Our  data  suggest  that  tumor 
progression  is  associated  with  elevated  O-GlcNAcation, 
which  deregulates  critical  factors  in  oncogenic  growth  and 
invasion.  In  addition,  we  show  that  pharmacological 
inhibition  of  OGT  may  be  a  valuable  strategy  for  normal¬ 
izing  oncogenic  phenotypes  in  breast  cancer  transformation. 


Results 

Breast  cancer  cell  lines  upregulate  O-GlcNAc  and  OGT 
levels 

To  determine  whether  levels  of  O-GlcNAc-modified 
proteins  are  altered  in  cancer  cells,  we  compared  normal 


MCF-10A  MCF-10A-Erb82  MDA-MB-231 


Figure  1  Breast  cancer  cells  contain  elevated  O-GlcNAcation  and 
OGT  levels,  (a)  Protein  lysates  from  indicated  cell  lines  were 
collected  for  immunoblot  analysis  and  probed  with  indicated 
antibodies,  (b)  Normal  mammary  epithelial  cells  MCF-10A  and 
MCF-12A  and  breast  cancer  cells  MCF-10A-ErbB2,  BT20,  MDA- 
MB-231,  MDA-MB-453  and  MDA-MB-468  were  lysed  and 
subjected  to  immunoblot  analysis  with  indicated  antibodies,  (c) 
Total  RNA  was  harvested  from  MCF-10A,  MCF-10A-ErbB2  and 
MDA-MB-231  cells,  and  levels  of  OGT  mRNA  were  quantified  by 
QRT-PCR  and  normalized  to  cyclophilin  A.  Normalized  OGT 
mRNA  levels  are  presented  relative  to  MCF-10A.  Values  represent 
mean  and  s.e.  of  at  least  three  independent  experiments, 
*  represents  Student’s  /-test,  P-value<0.05. 


mammary  epithelial  cells  with  established  breast 
cancer  cells  or  oncogene-overexpressing  cells.  We  found 
that  MCF-10A  cells  overexpressing  the  activated 
form  of  ErbB2  (NeuT)  and  the  breast  cancer  cell  lines 
SKBR3  and  MDA-MB-453  contain  elevated  levels  of 
O-GlcNAc-modified  proteins  compared  with  normal 
human  immortalized  mammary  epithelial  MCF-10A 
cells  (Figure  la).  We  then  examined  whether  the  increase 
in  O-GlcNAc-modified  proteins  in  breast  cancer  cell 
lines  was  related  to  altered  expression  of  OGT,  the 
enzyme  responsible  for  catalyzing  O-GlcNAc  addition 
to  proteins.  We  found  that  OGT  is  overexpressed  in  five 
different  breast  cancer  cell  lines  when  compared  with 
normal  MCF-10A  and  MCF-12A  cells  (Figure  lb).  The 
increase  in  OGT  protein  levels  may  be  due  to  an  increase 
in  RNA  levels,  as  we  found  that  ErbB2-overexpressing 
cells  and  MDA-MB-231  cells  contain  elevated  OGT 
RNA  levels  compared  with  normal  MCF-10A  cells 
(Figure  lc).  Furthermore,  we  searched  the  Oncomine 
database  and  found  OGT  levels  elevated  in  invasive 
ductal  carcinoma  compared  with  normal  breast  tissue 
(Supplementary  Figure  1).  We  thus  show,  for  the  first 
time,  that  breast  cancer  cells  have  elevated  levels  of 
O-GlcNAc  and  OGT. 
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OGT  is  required  for  malignant  growth  of  transformed 
breast  cancer  cells  in  vitro 

To  test  whether  reducing  high  levels  of  O-GlcNAcation 
alters  breast  cancer  phenotypes,  we  targeted  OGT 
through  RNA  interference  (RNAi)  in  MCF-10A-ErbB2 
cells.  The  efficiency  of  two  different  OGT  shRNA  lenti- 
viral  constructs  was  confirmed  by  western  blotting.  We 
detected  at  least  a  50%  knockdown  of  OGT  protein 
compared  with  cells  infected  with  control  (scrambled) 
shRNA  sequence  (Figure  2a).  We  then  tested  whether 
the  reduction  of  OGT  led  to  a  global  decrease  in 
O-GlcNAcation.  Cells  were  treated  with  or  without 
the  specific  O-GlcNAcase  inhibitor  9D  (Macauley  et  al., 
2005)  to  block  enzymatic  removal  of  O-GlcNAc.  MCF- 
10A-ErbB2  cells  infected  with  control  shRNA  showed  a 
significant  increase  in  O-GlcNAcation  in  the  presence 
of  9D  (Figure  2b).  However,  cells  infected  with  RNAi 
targeting  OGT  had  significantly  decreased  basal 
O-GlcNAcation,  and  completely  blocked  the  9D-in- 
duced  elevation  of  O-GlcNAcation  (Figure  2b);  decrease 
in  OGT  levels  led  to  a  significant  reduction  in  O- 
GlcNAc-modihed  proteins.  These  cells  were  then  placed 
in  three-dimensional  (3D)  culture  assays  or  soft  agar 
assays  to  determine  the  effect  of  reducing  OGT  levels  on 
cancer  cell  growth.  Under  3D  conditions,  reduction  of 
OGT  by  RNAi  in  MCF-10A-ErbB2  cells  caused  a 
dramatic  inhibition  of  oncogenic  phenotypes,  including 
decreased  cell  growth  and  an  eight-fold  decrease  in  cell 
number  at  day  12  (Figure  2c)  compared  with  control 
RNAi  cells.  In  addition,  reduction  of  OGT  levels  in 
MCF-10A-ErbB2  cells  showed  a  similar  decrease  in 
colony  formation  in  soft  agar  assays  (Supplementary 
Figure  2).  To  test  whether  the  reduction  of  abnormally 
high  levels  of  O-GlcNAcation  could  alter  breast  cancer 
phenotypes  independent  of  ErbB2,  we  knocked  down 
OGT  levels  in  the  highly  transformed  breast  cancer  cell 
line  MDA-MB-231,  which  does  not  overexpress  ErbB2. 
MDA-MB-231  cells  stably  infected  with  RNAi  against 
OGT  showed  a  three-fold  decrease  in  soft  agar  colony 
formation  (Figure  2d)  and  resulted  in  significant 
inhibition  of  growth  under  3D  conditions  compared 
with  control-infected  cells  (data  not  shown).  Knock¬ 
down  of  OGT  in  parental  MCF-10A  cells  did  not 
significantly  block  growth  or  ability  to  form  acinar 
structures  in  3D  culture  (Supplementary  Figure  3D), 
suggesting  that  reducing  OGT  levels  in  nontransformed 
cells  is  not  cytotoxic.  Consistent  with  the  idea  that 
elevated  OGT  contributes  to  tumor  cell  growth,  over¬ 
expression  of  OGT  in  MCF-10A-ErbB2  cells  increased 
the  number  of  soft  agar  colonies  (data  not  shown). 
Thus,  we  showed  that  OGT  and  abnormally  elevated 
levels  of  O-GlcNAc  are  required  for  and  may  contribute 
to  transformed  growth  of  breast  cancer  cells  in  vitro. 

OGT  is  required  for  tumorigenic  growth  of  human  breast 
cancer  cells  in  vivo 

We  next  examined  a  role  for  OGT  in  promoting 
oncogenic  phenotypes  in  vivo.  To  test  this,  we  performed 
orthotopic  xenografts  of  MDA-MB-231  cells  stably 
expressing  either  OGT  shRNA  or  control  shRNA.  OGT 
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knockdown  and  decreased  basal  O-GlcNAcation  were 
verified  by  western  blot  analysis  at  the  time  of  injection 
(Figure  3a).  Control  and  OGT  knockdown  cells 
were  then  injected  directly  into  contralateral  mammary 
fat  pads  of  immunocompromised  Nu/Nu  mice  to  avoid 
inter-animal  variations.  A  four-fold  decrease  in  tumor 
volume  was  observed  in  mice  injected  with  OGT 
knockdown  cells  compared  with  control  cells  at  the 
end  of  the  8-week  experiment  (Figure  3b).  At  necropsy, 
of  mice  injected  with  cells  expressing  scrambled  shRNA, 
84%  developed  visible  tumors  that  could  be  excised; 
only  41%  of  mice  injected  with  cells  containing  OGT-1 
shRNA  (Figure  3c)  and  40%  of  mice  injected  with 
cells  containing  OGT-2  developed  visible  tumors  (data 
not  shown).  Tumor  mass  measurements  from  OGT 
knockdown  cells  showed  a  similar  four-fold  reduction 
compared  with  tumors  from  control  cells  (Supple¬ 
mentary  Figure  4A).  Importantly,  tumors  that  even¬ 
tually  grew  from  OGT  knockdown  cells  restored 
OGT  expression  (Figure  3d)  and  had  a  similar  Ki-67 
expression  (Supplementary  Figure  4B),  suggesting  a 
strong  selective  pressure  against  tumor  cells  deficient  in 
OGT.  These  data  indicate  the  importance  of  OGT  in 
tumor  cell  growth  in  vivo. 

Inhibition  of  OGT  decreases  cell-cycle  progression  and 
induces  p27K‘pl  expression  through  regulation  of  FoxMl 
in  breast  cancer  cells 

To  investigate  further  the  growth-inhibitory  effect  of 
OGT  knockdown  in  breast  cancer  cells,  we  conducted  a 
cell-cycle  analysis  by  propidium  iodide  staining  and  flow 
cytometry.  Reduction  of  OGT  in  MCF-10A-ErbB2  cells 
caused  a  significant  accumulation  of  cells  in  the  G1 
phase  within  48  h  compared  with  control  shRNA- 
infected  cells:  72%  G1  content  in  OGT  shRNA-infected 
cells  relative  to  47%  in  control  shRNA  cells  (Figure  4a). 
With  OGT  shRNA,  we  also  observed  a  significant 
decrease  in  the  S-  and  G2/M-phase  population  com¬ 
pared  with  control.  In  addition,  we  found  a  two-fold 
decrease  in  Ki-67  staining  in  MCF-10A-ErbB2  and 
MDA-MB-231  cells  expressing  OGT  shRNA  (Supple¬ 
mentary  Figure  5A).  We  did  not  detect  an  increase  in 
the  sub-Gl  population  of  cells  nor  did  we  detect  a 
significant  change  in  DNA  fragmentation  at  this  time 
point  (data  not  shown),  suggesting  that  targeting  OGT 
had  minimal  effects  on  apoptosis.  Reducing  OGT  in 
normal  MCF-10A  cells  caused  a  slight  increase  in  G1 
population,  but  neither  this  (Supplementary  Figure  3B) 
nor  changes  in  Ki-67  staining  (Supplementary  Figure 
3C)  were  statistically  significant. 

Increase  in  the  population  of  cells  in  G1  suggests  that 
cell-cycle  regulators  may  be  altered  by  reducing  OGT 
expression.  Knockdown  of  OGT  results  in  a  significant 
induction  of  p27Kipl  levels  and  reduction  of  prolifera¬ 
ting  cell  nuclear  antigen  in  MCF-10A-ErbB2  cells 
(Figure  4b),  as  well  as  in  MDA-MB-231  cells  (Supple¬ 
mentary  Figure  5B),  consistent  with  cell-cycle  arrest  at 
Gl.  The  regulation  of  p27Kipl  is  highly  complex;  it  is  well 
established  that  oncogenic  signaling,  including  receptor 
tyrosine  kinase,  c-Src  and  mitogen-activated  protein 
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Figure  2  Knockdown  of  OGT  reduces  O-GlcNAcation  and  inhibits  growth  of  MCF-10-ErbB2  and  MDA-MB-231  cells  in  vitro. 
(a)  MCF-10A-ErbB2  cells  were  infected  with  control,  OGT-1  or  OGT-2  shRNA  pLKO.l  lentivirus,  and  protein  lysates  were  collected 
48  h  after  infection  for  immunoblot  analysis  with  indicated  antibodies,  (b)  MCF-10A-ErbB2  cells  infected  as  described  in  panel  a  for 
48  h  and  were  treated  for  24  h  with  the  indicated  concentrations  of  9D  before  lysis  and  immunoblot  analysis  with  the  indicated 
antibodies,  (c)  MCF-10A-ErbB2  cells  infected,  as  described  in  panel  a,  and  placed  in  a  3D  morphogenesis  assay.  Cells  were  imaged  and 
counted  at  indicated  time  points,  (d)  MDA-MB-231  cells  were  infected  as  above  and  lysed  48  h  after  infection  and  subjected  to 
immunoblot  analysis  with  indicated  antibodies  (left)  or,  placed  in  soft  agar  assays  (right).  Colonies  were  stained  14  days  later  and 
quantified.  Insert:  image  showing  representative  number  and  size  of  colonies.  Values  represent  mean  and  s.e.  of  at  least  three 
independent  experiments,  *  represents  Student’s  /-test,  P-value<0.05. 


kinase  activation  in  cancer  cells  is  associated  with 
increased  p27Kipl  proteolysis  (Chu  et  al.,  2008).  Yet, 
knockdown  of  OGT  in  MCF-10A-ErbB2  cells  did  not 
reduce  activity  of  ErbB2,  c-Src,  Erk  (extracellular 
signal-regulated  kinase)  (Supplementary  Figure  6)  or 
Akt  (Figure  3b)  as  measured  with  respective  phospho- 
specific  antibodies.  As  p27Kipl  mRNA  levels  were  not 
decreased  in  cells  depleted  of  OGT  (data  not  shown), 
we  considered  alternative  pathways  regulating  p27Kipl 
degradation. 


Degradation  of  p27Kipl  is  primarily  regulated  by  the 
SCFSKP2  E3  ubiquitin  ligase  complex  (Chu  et  al.,  2008). 
This  complex  includes  the  F-Box  protein  Skp2  that 
targets  cyclin-dependent  kinase  inhibitors  for  degrada¬ 
tion  during  the  Gl/S  transition.  We  found  that  OGT 
knockdown  in  MCF-10A-ErbB2  cells  (Figure  4b) 
and  MDA-MB-231  cells  (Supplementary  Figure  5B) 
decreases  Skp2  expression.  One  level  of  Skp2  regu¬ 
lation  is  through  transcriptional  activation  by  FoxMl 
(Wang  et  al.,  2005).  We  found  that  in  MCF-10A-ErbB2 
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Figure  3  OGT  is  required  for  tumorigenic  growth  of  human  breast  cancer  cells  in  vivo,  (a)  MDA-MB-231  cells  expressing  control, 
OGT-1  or  OGT-2  shRNA  were  lysed  and  analyzed  by  immunoblot  analysis  with  indicated  antibodies  before  injection  into  mice, 
(b)  Mean  tumor  volume  (mm3)  of  MDA-MB-231  cells  expressing  control  (n  =  37),  OGT-1  (n  =  17),  or  OGT-2  (n  =  20)  shRNA  injected 
into  mammary  fat  pad  of  immunocompromised  mice  at  indicated  week.  Values  represent  mean  and  s.e.  of  independent  experiments, 
*  represents  Student’s  /-test,  7>-value<0.05.  (c)  Top,  representative  mammary  fat  pad  tumor  in  mice  transplanted  with  MDA-MB-231 
control  shRNA  and  OGT-1  shRNA  cells  8  weeks  after  injection,  and,  bottom,  resected  tumors  8  weeks  after  injection  of  MDA-MB-231 
cells  expressing  control  or  OGT-1  shRNA.  (d)  Tumors  resected  from  mice  were  lysed  and  analyzed  by  immunoblot  analysis  with 
indicated  antibodies. 
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(Figure  4b)  and  MDA-MB-231  cells  (Supplementary 
Figure  5B),  reducing  OGT  expression  leads  to  signifi¬ 
cant  decreases  in  FoxMl  protein  levels.  FoxMl  can 
regulate  progression  from  the  G1  to  S  phase,  and  is  also 
known  to  be  a  key  regulator  during  G2/M  transition. 
Indeed,  we  find  that  FoxMl -specific  targets  involved 
in  G2/M  phase,  including  Survivin,  Nek2  and  PLK1, 
are  also  decreased  in  OGT  knockdown  cells,  both  in 


MCF-10A-ErbB2  (Figure  4c)  and  MDA-MB-231  cells 
(Supplementary  Figure  5B). 

To  begin  addressing  the  mechanism  of  how  OGT 
regulates  FoxMl  levels,  we  examined  effects  of  OGT 
knockdown  in  MDA-MB-231  cells  stably  expressing 
exogenous  FoxMl.  Reducing  OGT  levels  caused 
downregulation  of  stably  overexpressed  wild-type 
FoxMl  protein  (Figure  4d),  suggesting  that  OGT  and 
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Figure  4  Knockdown  of  OGT  inhibits  cell-cycle  progression,  elevates  p27Kipl  expression  and  reduces  FoxMl  expression  in  breast 
cancer  cells,  (a)  Cell-cycle  analysis  of  MCF-10A-ErbB2  cells  48  h  after  lentiviral  infection  with  control,  OGT-1  or  OGT-2  shRNA. 
Cells  were  collected,  stained  with  propidium  iodide  and  analyzed  by  flow  cytometry.  Cell-cycle  distribution  was  determined  using 
Guava  Cytosoft  Software  (Millipore,  Billerica,  MA,  USA),  (b,  c)  Cell  lysates  were  collected  from  MCF-10A-ErbB2  cells  48  h  after 
lentiviral  infection  with  control,  OGT-1,  or  OGT-2  shRNA.  Lysates  were  analyzed  by  immunoblot  analysis  with  indicated  antibodies, 
(d)  MDA-MB-231  cells  were  infected  with  retroviruses  encoding  control  vector  (pBabe),  wild-type  FoxMl  (pBabe-FoxMl-WT)  or 
mutant  FoxMl  (pBabe-FoxMl-AN/AKen).  After  stable  selection,  cells  were  infected  with  lentivirus  containing  control  or  OGT-1 
shRNA  for  48  h,  lysed  and  analyzed  by  immunoblot  analysis  with  indicated  antibodies,  (e)  MDA-MB-231  cells  stably  expressing 
control  vector,  wild-type  FoxMl  or  mutant  FoxMl  were  infected  with  OGT-1  shRNA  lentivirus.  Cells  were  then  placed  in  3D 
morphogenesis  assay,  imaged  at  day  5  and  counted  at  day  8.  Values  represent  mean  and  s.e.  of  at  least  three  independent  experiments, 
*  represents  Student's  /-test,  R-value<0.05. 


O-GlcNAcation  may  regulate  FoxMl  posttranscription- 
ally.  Recent  studies  have  identified  the  N  terminus  of 
FoxMl  as  being  a  substrate  for  ubiquitin-mediated 
degradation,  contributing  to  the  normal  changes  in 
FoxMl  levels  across  the  cell  cycle  (Laoukili  et  al.,  2008) 
(Park  et  al.,  2008).  The  N  terminus  of  FoxMl  contains 
destruction  box  (D  box)  and  KEN-box  sequences, 
short  degradation  motifs  recognized  by  the  anaphase- 
promoting  complex  E3  ubiquitin  ligase  (Park  et  al., 
2008)  (Laoukili  et  al.,  2008).  FoxMl  regulation  by 
O-GlcNAcation  required  the  N  terminus  of  FoxMl,  as 
protein  levels  of  a  deletion  mutant  missing  the  first  209 
amino  acids  of  FoxMl  (AN-AKEN-FoxMl )  were  no 
longer  decreased  by  reducing  OGT  expression  as 
compared  with  wild-type  FoxMl  (Figure  4d).  To  test 
whether  overexpression  of  wild-type  or  mutant  FoxMl 


can  rescue  cell  growth  defect  caused  by  downregulating 
OGT,  we  placed  these  cells  in  3D  culture.  Cells 
overexpressing  either  the  wild  type  or  mutant  of  FoxMl 
were  able  to  partially  overcome  the  inhibitory  effect  of 
OGT  silencing  on  cell  growth  in  3D  culture  (Figure  4e). 
In  addition,  knockdown  of  FoxMl  with  RNAi  in  MCF- 
10A-ErbB2  cells  or  MDA-MB-231  cells  caused  in¬ 
creased  expression  of  p27Kipl,  inhibition  of  growth  in 
3D  culture  and  soft  agar  results  similar  to  that  observed 
in  OGT  knockdown  cells  (data  not  shown).  The 
reduction  of  FoxMl  protein  is  not  a  part  of  a  global 
alteration  in  protein  degradation,  as  we  did  not  detect 
changes  in  levels  of  other  Fox  transcription  family 
members,  including  FOX03a  (Supplementary  Figure  7). 
Moreover,  we  found  that  reduction  of  OGT  levels  led  to 
no  significant  change  in  the  expression  of  a  number  of 
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transcription  factors  implicated  in  breast  cancer,  includ¬ 
ing  p53,  c-Myc  and  nuclear  factor-KB  (Supplementary 
Figure  7).  As  other  Fox  transcription  family  members 
have  been  shown  to  be  directly  modified  by  O-GlcNAc, 
we  tested  whether  FoxMl  is  modified  by  O-GlcNAc. 
FoxMl  immunoprecipitated  from  MDA-MB-231  cells 
overexpressing  wild-type  FoxMl  did  not  show  any  O- 
GlcNAc  modifications,  whereas  endogenous  Spl,  a 
transcription  factor  known  to  be  modified  by  O-GlcNAc 
(Han  and  Kudlow,  1997),  was  highly  modified  under 
similar  conditions  (data  not  shown).  Thus,  our  data 
show  that  breast  cancer  cell  growth  inhibition  by 
targeting  OGT  is  associated  with  increased  cell-cycle 
arrest  at  Gl,  elevated  expression  of  p27Kipl  and  specific 
posttranscriptional  downregulation  of  the  oncogenic 
transcription  factor  FoxMl  and  its  targets.  However, 
FoxMl  is  not  directly  O-GlcNAcated,  suggesting  that 
OGT  may  be  regulating  FoxMl  indirectly. 

OGT  regulates  breast  cancer  cell  invasion 
We  observed  that  breast  cancer  cells  with  OGT  knock¬ 
down  produced  fewer  invasive  protrusions  when  cul¬ 
tured  under  3D  conditions  (Figure  5a),  suggesting  that 
reduction  of  elevated  O-GlcNAcation  may  inhibit 
cellular  invasion.  To  test  this  directly,  we  placed 
MCF-10A-ErbB2  cells  targeted  with  OGT  or  control 
shRNA  in  transwell  invasion  assays.  Knockdown  of 
OGT  led  to  a  three-fold  decrease  in  invasion  compared 
with  controls  (Figure  5b).  Breast  cancer  invasion  and 
metastasis  is  associated  with  elevated  levels  of  MMP-2 
(Duffy  et  al.,  2000).  As  FoxMl  regulates  expression  of 
MMP-2  in  pancreatic  cancer  cells  (Wang  et  al.,  2007), 
we  examined  levels  of  MMP-2  in  OGT  knockdown  cells. 
Indeed,  we  found  a  two-fold  decrease  in  the  expression 
of  MMP-2  at  both  mRNA  (Figure  5c)  and  protein  levels 
(Figure  5d)  in  MCF-10A-ErbB2  cells  when  OGT  is 
knocked  down.  Knockdown  of  FoxMl  in  MCF-10A- 
ErbB2  cells  also  leads  to  decreased  MMP-2  levels 
and  invasion  (data  not  shown).  Thus,  our  data  suggest 
that  OGT  regulates  cancer  cell  invasion  by  modu¬ 
lating  MMP-2  expression,  possibly  by  the  regulation 
of  FoxMl. 

OGT  inhibitor  blocks  breast  cancer  growth  and  invasion 
We  have  recently  identified  novel  inhibitors  of  OGT 
catalytic  activity  (Gross  et  al.,  2005).  OGT  inhibitor 
(OGTi)  treatment  of  MCF-10A-ErbB2  cells  reduced 
O-GlcNAc  levels  (Figure  6a)  and  dramatically  decreased 
growth  in  soft  agar  (Figure  6b)  and  3D  culture  assays 
(Figure  6c).  Pharmacological  inhibition  of  OGT  led  to 
decreased  FoxMl  expression,  which  correlated  with 
elevation  of  p27Kipl  levels  (Figure  6a).  Similar  to  OGT 
knockdown,  a  decrease  in  invasive  protrusions  from 
cells  treated  with  OGTi  in  3D  culture  was  observed,  and 
a  six-fold  decrease  in  cell  invasion  of  MCF-10A-ErbB2 
cells  was  observed  in  response  to  treatment  with  OGTi 
using  transwell  invasion  assays  (Figure  6d).  Similar 
inhibitory  effects  on  FoxMl  levels,  cell  growth  and 
invasion  were  observed  in  MDA-MB-231  cells  treated 
with  OGTi  (Supplementary  Figure  8).  Treatment  of 
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parental  MCF-10A  acinar  structures  with  OGTi  at  day 
14  for  48  h  did  not  cause  cytotoxic  effects  or  disruption 
of  acinar  architecture  (data  not  shown). 

Thus,  we  show  in  this  study  for  the  first  time  that 
OGT  and  O-GlcNAcation  is  elevated  in  cancer  cells, 
and  that  normalization  of  these  levels  by  two  indepen¬ 
dent  methods  (RNAi  knockdown  of  OGT  and  pharma¬ 
cological  inhibition)  reduces  tumor  growth  and 
invasion.  Elevated  O-GlcNAcation  and  OGT  levels 
appear  to  contribute  to  cancer  cell  growth  and  invasion, 
at  least  in  part  by  regulating  the  stability  of  the 
oncogenic  transcription  factor  FoxMl  and  its  down¬ 
stream  targets. 


Discussion 

Glucose  flux  through  the  HBP,  leading  to  modifications 
of  nuclear  and  cytoplasmic  proteins  by  O-GlcNAc,  is 
emerging  as  a  key  regulator  for  many  biological 
processes  and  disease  states.  OGT  regulation  of  the 
insulin  pathway  has  been  implicated  in  insulin  resistance 
associated  with  type  II  diabetes  (Vosseller  et  al.,  2002) 
(Yang  et  al.,  2008),  and  O-GlcNAc  alterations  has  also 
been  associated  with  neurodegenerative  diseases,  includ¬ 
ing  Alzheimer’s  disease  (Liu  et  al.,  2004).  In  this  study, 
we  show  for  the  first  time  that  OGT  and  O-GlcNAc 
modifications  are  elevated  in  cancer  cells,  and  that 
normalization  of  these  levels  reduces  tumor  growth  and 
invasion.  Elevated  O-GlcNAc  and  OGT  may  contribute 
to  cancer  cell  growth  and  invasion,  in  part  by  regulating 
the  oncogenic  transcription  factor  FoxMl. 

Most  cancers  exhibit  altered  metabolism,  including 
increased  aerobic  glycolysis  and  a  dependence  on  glyco¬ 
lytic  pathways  for  ATP  generation.  To  serve  the  less- 
efficient  energy-producing  glycolytic  route,  tumor  cells 
increase  glucose  uptake.  Increased  glucose  consumption 
may  lead  to  increased  shunting  to  the  HBP.  Consistent 
with  this  idea,  a  recent  study  has  shown  that  elevated 
glycolysis  associated  with  loss  of  p53  in  mouse  embryonic 
fibroblasts  leads  to  increased  O-GlcNAc  modifications 
(Kawauchi  et  al.,  2009).  Our  results  show  that  breast 
cancer  cells  known  to  have  increased  glycolysis,  such  as 
MDA-MB-231  (Gatenby  and  Gillies,  2004;  Gallagher 
et  al.,  2007),  contain  elevated  O-GlcNAc  modifications 
and  increased  OGT  levels.  However,  it  is  not  clear  whether 
elevation  of  glycolysis  in  cancer  cells  directly  leads  to 
increased  flux  through  the  HBP  and  consequential  increase 
in  O-GlcNAc  modifications,  or  whether  transformation 
by  oncogenes  or  loss  of  tumor  suppressors  may  regulate 
OGT  expression  or  activity.  Nonetheless,  our  data  indicate 
that  elevated  O-GlcNAcation  links  cancer  cell  alterations 
of  metabolic  pathways  to  transformed  cell  growth  and 
invasion  signals. 

The  induction  of  p27Kipl  by  knockdown  of  OGT  is 
significant,  as  many  breast  cancer  therapies  directly 
upregulate  p27Kipl  protein.  Furthermore,  the  magnitude 
of  breast  cancer  cell  growth  inhibition  by  therapies 
including  the  anti-ErbB2  antibody  Herceptin  closely 
parallels  the  level  of  p27Kipl  induced  (Yakes  et  al.,  2002). 
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Figure  5  OGT  knockdown  blocks  invasion  and  reduces  MMP-2  expression  in  breast  cancer  cells,  (a)  MCF-10A-ErbB2  cells 
expressing  control,  OGT- 1  or  OGT-2  shRNA  were  placed  in  3D  culture.  At  day  8,  cells  were  fixed  and  stained  for  confocal  microscopy 
with  indicated  antibodies,  (b)  MCF-10A-ErbB2  cells  infected  with  control,  OGT-1  or  OGT-2  shRNA  were  placed  in  transwell  invasion 
chambers  for  24  h.  Invading  cells  were  DAPI  stained  and  counted,  (c)  Total  RNA  from  MCF-10A-ErbB2  cells  infected  with  control, 
OGT-1  or  OGT-2  shRNA  were  collected  and  assayed  for  OGT  and  MMP-2  expression  using  QRT-PCR,  normalized  to  Cyclophilin 
A.  Data  expressed  as  normalized  expression  relative  to  control  shRNA.  (d)  Cell  lysates  from  MCF-10A-ErbB2  cells  expressing  control. 
OGT-1  or  OGT-2  shRNA  were  collected  and  analyzed  by  immunoblotting  with  indicated  antibodies.  Values  represent  mean  and  s.e.  of 
at  least  three  independent  experiments,  *  represents  Student’s  /-test,  P-value<0.05. 


However,  we  found  little  change  in  signaling  pathways 
associated  with  ErbB2  activation  or  breast  cancer  in 
general  in  OGT  knockdown  cells  compared  with 
controls,  suggesting  that  decreased  O-GlcNAcation 
alters  p27Kipl  stability  through  mechanisms  independent 
of  inhibiting  ErbB2  signaling.  Nevertheless,  it  is  almost 
certain  that  additional  functionally  significant  effects  of 
OGT  knockdown/inhibition  on  cellular  signaling  are 
occurring,  and  it  will  be  important  to  elucidate  these. 

FoxMl  is  a  well-characterized  regulator  ofp27Kipl  and 
cell  growth  and  transcriptionally  regulates  Skp2,  the 
specific  recognition  factor  for  p27Kipl  ubiquitination.  In 


glioma  cells,  RNAi  knockdown  of  FoxMl  led  to 
increased  p27Kipl  levels  associated  with  a  decrease  in 
Skp2  protein  (Liu  et  al.,  2006).  In  pancreatic  cells,  RNAi 
against  FoxMl  led  to  a  decrease  in  metastasis  and 
angiogenesis,  correlating  with  a  reduction  of  MMP-2 
and  vascular  endothelial  growth  factor  expression 
(Wang  et  al.,  2007).  Consistent  with  these  data,  OGT 
knockdown  in  breast  cancer  cells  led  to  a  reduction  in 
invasion  and  downregulation  of  the  FoxMl  target 
MMP-2.  As  FoxMl  is  highly  expressed  in  proliferating 
tumor  cells  and  contributes  to  metastasis,  it  is  currently 
being  considered  as  a  viable  therapeutic  target  for  a 
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Figure  6  Pharmacological  OGT  inhibition  reduces  O-GlcNAcation  and  blocks  growth  and  invasion  of  MCF-10A-ErbB2  cells, 
(a)  MCF-10A-ErbB2  cells  were  treated  with  control  (DMSO)  or  500  pM  OGTi  for  48  h.  Cells  were  lysed  and  proteins  analyzed  by 
immunobloting  with  indicated  antibodies,  (b)  MCF-10A-ErbB2  cells  were  placed  in  soft  agar  assay  and  treated  with  control  or  500  pM 
OGTi  for  14  days.  Cell  were  stained,  colonies  were  counted  and  imaged  (inset),  (c)  MCF-10A-ErbB2  cells  were  placed  in  3D  culture 
and  treated  with  OGTi  (500  pM)  or  control.  At  day  8,  phase  images  of  the  acini  were  acquired,  (d)  MCF-10A-ErbB2  cells  were  placed  in 
transwell  invasion  slides  in  the  presence  of  control  or  500  pM  OGTi.  Values  represent  mean  and  s.e.  of  at  least  three  independent 
experiments,  *  represents  Student's  /-test,  P-value<0.05. 
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number  of  cancers  (Gartel,  2008).  Our  results  show  that 
targeting  OGT  with  first-generation  OGTis  may  be  a 
novel  way  to  modulate  FoxMl  expression  in  breast  and 
perhaps  other  cancers. 

FoxMl  expression  increases  during  the  G1  to  S  phase 
after  cyclin  E/cyclin-dependent  kinase  2-mediated 
(Major  et  al.,  2004)  and  Ras/Mek/Erk  kinase-mediated 
phosphorylation  (Ma  et  al.,  2005).  However,  it  is 
unlikely  that  the  increase  in  G1  -phase  cells  and  down- 
regulation  of  FoxMl  expression  in  response  to  OGT 
knockdown  is  due  to  loss  of  Mek/Erk  signaling,  as  no 
decrease  in  Erk  activation  is  observed  in  OGT  knock¬ 
down  cells.  Recent  studies  have  identified  FoxMl  as 
being  a  substrate  for  ubiquitin-mediated  degradation, 
contributing  to  the  normal  changes  in  FoxMl  levels 
across  the  cell  cycle  (Laoukili  et  al.,  2008)  (Park  et  al., 
2008).  O-GlcNAcation  of  p53  has  been  shown  to  protect 
against  ubiquitin-mediated  degradation  (Yang  et  al., 
2006)  and  increase  the  half-life  of  steroid  nuclear 
receptors  (Cheng  and  Hart,  2001).  However,  although 
the  Fox  family  member  FoxOl  has  recently  been  shown 
to  be  modified  by  O-GlcNAc  (Housley  et  al.,  2008),  we 


were  unable  to  detect  O-GlcNAc  modifications  on 
FoxMl.  One  possibility  is  that  hyper-O-GlcNAcation 
of  regulators  of  FoxMl  in  breast  cancer  cells  blocks 
FoxMl  degradation,  increasing  FoxMl  protein  levels 
and  contributing  to  transformation.  In  this  model, 
as  O-GlcNAc  levels  are  decreased,  FoxMl  becomes 
susceptible  to  proteosomal  degradation,  accounting  for 
its  decreased  expression  level  and  inhibition  of  trans¬ 
formed  phenotypes.  Our  data  show  that  the  N  terminus 
of  FoxMl  is  required  for  regulation  by  OGT.  Recent 
studies  have  shown  that  the  N  terminus  of  FoxMl 
contains  both  D-box  D-  and  KEN-box  sequences  that 
are  required  for  proteolytic  targeting  by  anaphase- 
promoting  complex-Cdhl  adaptor  (Park  et  al.,  2008) 
(Laoukili  et  al.,  2008),  thus  suggesting  that  changes 
in  O-GlcNAcation  may  indirectly  regulate  FoxMl 
degradation. 

In  summary,  this  study  is  the  first  to  link  OGT  and 
O-GlcNAcation  to  cancer  cell  growth  and  invasion  and 
identifies  novel  regulation  of  the  oncogenic  transcrip¬ 
tion  factor  FoxMl  by  altered  O-GlcNAcation.  Thus, 
the  nutrient-sensing  roles  of  OGT  may  link  abnormal 
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metabolic  states  in  cancer  cells  to  deregulation  of 
critical  growth  and  transformation  factors  such  as 
FoxMl,  and  pharmacological  modulation  of  enzymes 
regulating  O-GlcNAcation  may  be  a  novel  therapeutic 
strategy  in  cancer. 


Materials  and  methods 

Materials 

The  O-GlcNAcase  inhibitor,  9D,  was  provided  by  David 
Vocadlo  (Simon  Fraser  University,  Burnaby,  BC,  Canada). 
Growth-factor-reduced  Matrigel  was  purchased  from  BD 
Biosciences  (Franklin  Lakes,  NJ,  USA).  Antibodies  such  as 
anti-actin,  anti-FoxMl  and  anti-proliferating  cell  nuclear 
antigen  were  obtained  from  Santa  Cruz  Biotechnology  (Santa 
Cruz,  CA,  USA);  anti-phospho-Akt  (Ser473),  anti-phospho-Akt 
(T308),  anti-AKT  and  anti-MMP-2  were  purchased  from  Cell 
Signaling  (Danvers,  MA,  USA);  anti-OGT  was  obtained  from 
Sigma  (St  Louis,  MO,  USA);  anti-p27Kipl,  anti-Nek2,  anti-PLKJ 
and  anti-integrin-a5  were  purchased  from  BD- Biosciences;  anti- 
Skp2  was  from  Zymed  (Carlsbad,  CA,  USA);  anti-integrin-a6 
was  obtained  from  Chemicon  (Billerica,  MA,  USA).  Anti-O- 
GlcNAc  antibody  (CTD110.6)  (Comer  et  al.,  2001)  and  OGTi 
(Gross  et  al.,  2005)  have  been  described  previously. 

Cell  culture  and  viral  infections 

MCF-10A,  MCF-12A  SKBR-3,  MDA-MB-231,  MDA-MB- 
453,  MDA-MB-468,  MCF-7  and  BT-20  cells  were  acquired 
from  ATCC  (American  Type  Culture  Collection,  Manassas, 
VA,  USA)  and  cultured  following  the  instructions  of  ATCC. 
MCF-10A  cells  were  grown  as  described  previously  (Reginato 
et  al.,  2003).  Constitutively  active  ErbB2  mutant  (pBabe- 
NeuT)  was  kindly  provided  by  Danielle  Carroll  (Harvard 
Medical  School,  Boston,  MA,  USA).  pBabe-Flag-FoxMl  and 
pBabe-Flag-AN-AKEN-FoxMl  (was  created  by  cloning  Flag- 
FoxMl  cDNA  insert  from  pcDNA3-Flag-FoxMl  and 
pcDNA3-Flag-  AN-AKEN-FoxMl  plasmids  (Laoukili  et  al., 
2008)  (kindly  provided  by  Rene  H  Medema,  University 
Medical  Center,  Utrecht,  The  Netherlands)  into  the  BamHI 
and  EcoRI  sites  of  pBabe-puro.  MDA-MB-231  cells  over¬ 
expressing  FoxMl  were  generated  using  vesicular  stomatitis 
virus  G  protein-pseudotyped  retroviruses  and  were  infected 
and  selected  as  described  previously  (Reginato  et  al.,  2003). 

Immunoblotting 

Cell  lysates  from  1-5  x  106  cells  were  prepared  in  R1PA  lysis 
buffer  (150 mM  NaCl,  1%  NP40,  0.5%  DOC,  50niM  Tris-HCl 
at  pH  8,  0.1%  SDS,  10%  glycerol,  5niM  EDTA,  20  mM  NaF 
and  1  mM  Na3V04)  supplemented  with  1  gg/rnl  each  of 
pepstatin,  leupeptin,  aprotinin  and  200  pg/ml  phenyl-methyl- 
sulfonyl-fluoride.  Lysates  were  cleared  by  centrifugation  at 
16000g  for  20  min  at  4°C  and  analyzed  by  SDS-PAGE  and 
autoradiography.  Proteins  were  analyzed  by  immunoblotting 
using  primary  antibodies  indicated  above. 

RNA  interference 

Stable  cell  lines  for  shRNA  knockdowns  were  generated  by 
infection  with  the  lentiviral  vector  pLKO.l-puro  carrying 
shRNA  sequence  for  scrambled  (Addgene,  Cambridge,  MA, 
USA)  or  OGT  (Sigma).  VSVG-pseudotyped  lentivirus  was 


generated  by  the  cotransfection  of  293-T  packaging  cells  with 
lOpg  of  DNA  and  packaging  vectors  as  described  previously 
(Rubinson  et  al.,  2003).  Control-scrambled  shRNA  sequence 
used  was:  CCTAAGGTTAAGTCGCCCTCGCTCTAGCGA 
GGGCGACTTAACCTT.  OGT  shRNA  sequence  used  was: 
for  OGT-1,  GCCCT  A  AGTTT  G  AGT  CC  A  A  ATCT  CG  AG  ATT 
T  GG  ACT  C  A  A  ACTT  AGGGC  and  for  OGT-2,  GCTGAGCA 
GT  ATT  CCGAGAAACTCG  AGTTT  CT  CGG  AAT  ACT  GCTC 
AGC.  Cells  were  infected  and  selected  as  described  previously 
(Reginato  et  al.,  2003). 

3D  morphogenesis  assay  and  indirect  immunofluorescence 
Assays  were  performed  as  described  previously  (Reginato 
et  al.,  2005).  Briefly,  5  x  103  MCF-10A-ErbB2  or  MDA-MB- 
231  cells,  in  respective  media  containing  2%  Matrigel,  were 
placed  in  an  8-well  chamber  slide  (BD  Biosciences)  coated  with 
50  pi  of  Matrigel.  The  number  of  cells  was  counted  in  two 
chambers  at  indicated  time  points  and  the  mean  of  each 
determined.  Immunofluorescence  of  3D  structures  was  per¬ 
formed  as  described  previously  (Reginato  et  al.,  2005)  using 
antibodies  to  integrin-a5  and  integrin-a6  then  stained  with 
4',6-diamidino-2-phenylindole.  Fluorescent  secondary  anti¬ 
bodies  coupled  with  Alexa-Fluor  dyes  (Molecular  Probes, 
Carlsbad,  CA,  USA)  were  used.  Confocal  analysis  was 
performed  by  using  the  Leica  DM6000B  Confocal  Microscope 
(Leica).  Images  were  generated  using  the  Leica  Imaging 
Software  (Wetzlar,  Germany)  and  converted  to  Tiff  format. 

Orthotopic  xenograft  model 

MDA-MB-231  cells  were  infected  with  lentivirus  carrying 
control  (scramble)  shRNA,  OGT-1  and  OGT-2  shRNA 
constructs,  as  described  above.  After  washes  and  resuspension 
in  Hank’s  buffered  salt  solution  (Mediatech,  Inc.,  Manassas, 
VA,  USA),  1.5  x  106  cells  in  0.1ml  containing  20%  Matrigel 
were  injected  subcutaneously  through  a  27  'A  gauge  needle  into 
the  fourth  inguinal  mammary  fat  pad  pair  of  each  4-6-week- 
old  female  athymic  nude  Nu/Nu  mouse  (Charles  River, 
Wilmington,  MA,  USA).  For  each  individual,  control  shRNA 
cells  were  injected  into  the  right  gland  and  OGT  cells  into  the 
contralateral  gland.  After  injection,  tumors  were  measured 
weekly  along  and  perpendicular  to  the  longest  dimension  using 
digital  calipers  (Fowler  Co.,  Inc.,  Newton,  MA,  USA).  Tumor 
volumes  were  calculated  as  V=  (length)  x  (width)2  x  0.52. 
After  8  weeks,  tumors  were  excised,  weighed  and  photo¬ 
graphed.  Tumors  were  then  flash-frozen  in  liquid  N2  for 
western  blot  analysis.  Frozen  tumor  samples  were  mechani¬ 
cally  disrupted  and  resuspended  in  ice-cold  RIPA  buffer  and 
lysed  (described  above)  for  immunoblotting. 
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Supplementary  Figure  1.  OGT  RNA  is  upregulated  in  human  breast  cancer.  Gene 
expression  data  available  through  Oncomine™  from  Finak  et  al.  (2008)  and 
Karnoub  et  al.  (2007),  re-graphed  to  show  normal  breast  stroma  versus  invasive 
ductal  carcinoma,  with  p-values  indicated  for  Student’s  t-test.  Error  bars  represent 
SEM. 

OGT  gene  expression  data  from  two  independent  breast  cancer  studies  were 
obtained  using  the  Oncomine™  (www.oncomine.ora)  database.  The  two  studies 
retrieved  compared  samples  of  normal  breast  stroma  and  invasive  ductal  breast 
carcinoma.  These  data  were  re-graphed  using  GraphPad  Prism  (GraphPad 
Software,  La  Jolla,  CA)  software  and  presented  as  scatter  plots,  including  the 
mean  and  SEM.  Statistical  analysis  was  performed  using  Student’s  t-test. 

Studies  Used: 

Finak  G,  Bertos  N,  Pepin  F,  Sadekova  S,  Souleimanova  M,  Zhao  H,  Chen  H, 
Omeroglu  G,  Meterissian  S,  Omeroglu  A,  Hallett  M,  Park  M.  (2008).  Stromal  gene 
expression  predicts  clinical  outcome  in  breast  cancer.  Nat  Med.  14:518-27. 

Karnoub  AE,  Dash  AB,  Vo  AP,  Sullivan  A,  Brooks  MW,  Bell  GW,  Richardson  AL, 
Polyak  K,  Tubo  R,  Weinberg  RA.  (2007).  Mesenchymal  stem  cells  within  tumour 
stroma  promote  breast  cancer  metastasis.  Nature.  449:557-63. 


Caldwell,  et.  al.  Supplementary  Figure  2 


MCF-10A-ErbB2 


300  • 

V) 

aj 

‘E 

250  ■ 

0 

0 

u 

200  ■ 

10 

cn 

< 

£ 

150  ■ 

o 

(/) 

<•- 

o 

100  • 

u 

« 

n 

E 

50  - 

3 

z 

o 


T 


i 


* 


Control  OGT-1  OGT-2 

shRNA  shRNA  shRNA 


Supplementary  Figure  2.  OGT  knockdown  blocks  soft  agar  colony  formation  of 
MCF-10A-ErbB2  cells.  MCF-10A-ErbB2  cells  were  infected  with  lentivirus  pLKO- 
shRNA-Control  (Scram),  pLKO-shRNA-OGT-1  or  OGT-2  were  placed  in  a  soft  agar 
assay  for  14  days.  Cell  were  stained  with  I  NT  violet,  counted  and  representative 
plate  was  imaged.  Values  represent  mean  number  of  colonies  counted  in  3 
experiments.  Bars,  Standard  Error  (S.E.);  Student’s  t  test,  *P  value  <  0.05. 
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Supplementary  Figure  3.  Knockdown  of  OGT  in  parental  MCF-10A  does  not  disrupt  growth 
and  morphogenesis  in  3D  culture,  (a)  MCF-10A  cells  were  infected  with  lentivirus  pLKO- 
shRNA-Scram,  pLKO-shRNA-OGT-1  or  pLKO-shRNA-OGT-2  and  cells  were  lysed  and 
proteins  analyzed  by  western  blot  with  indicated  antibodies,  (b)  Cell  cycle  analysis  of 
MCF-10A  cells  48  hours  after  lentiviral  infection  with  control,  OGT-1,  or  OGT-2  shRNA.  (c) 
Following  infection  with  lentiviral  RNAi  MCF-10A  cells  were  harvested  and  stained  with  Ki67 
and  analyzed  by  flow  cytometry,  (d)  Top:  MCF-10A  cells  as  above  were  placed  in  3D 
basement  membrane  culture  and  imaged  at  indicated  day  (5x).  Bottom:  Day  8  cell  were 
counted. 
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Supplementary  Figure  4.  Knockdown  of  OGT  Reduces  MDA-MB-231  Tumor  Weight  In 
Vivo,  (a)  MDA-MB-231  cells  infected  with  lentivirus  pLKO-shRNA-Scram  (n=17),  pLKO- 
shRNA-OGT-1  (n=17),  or  pLKO-shRNA-OGT-2  (n=  1 7)  were  injected  into  mammary  fat 
pad  of  immunocompromised  mice  and  after  8  weeks  resected  tumors  were  weighed 
and  the  mean  tumor  weight  (-/+  S.E.M.)  in  each  group  was  calculated;  Student’s  t  test, 
*P  value  <  0.05.  (b)  Representative  tumor  section  obtained  from  mouse  with  MDA- 
MB-231  cells  infected  with  Scram  (Control)  or  OGT-1  shRNA  were  fixed,  paraffin 
embedded,  sectioned,  and  stained  with  H&E  (left  panel)  or  Ki-67  (right  panel). 
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Supplementary  Figure  5.  Knockdown  of  OGT  in  cancer  cells  alters  cell  cycle, 
FoxMl  and  its  targets,  (a)  At  48  hours  post-infection  with  Control  or  OGT  shRNA 
lentivirus,  MCF-10A-ErbB2  and  MDA-MB-231  cells  were  stained  for  Ki67  and 
analyzed  via  flow  cytometry  as  described  in  Supplementary  methods,  (b)  Lysates 
were  collected  from  MDA-MB-231  cells  treated  with  Control,  OGT-1,  or  OGT-2 
shRNA  and  analyzed  by  western  blot  with  indicated  antibodies.  Antibodies  were  also 
used  to  probe  for  FoxMl  targets  including  Survivin,  and  Plkl. 


Caldwell,  et.  al.  Supplementary  Figure  6 


MCF-10A-ErbB2 

shRNA:  Control  OGT-1  OGT-2 


OGT 

pErbB2 

(Y877) 

ErbB2 


pSrc 

(Y416) 

c-Src 

pMek 

Mekl/2 

pErk 

Erk2 

Actin 


Supplementary  Figure  6.  OGT  RNAi  does  not  block  ErbB2-mediated  signaling 
pathways.  MCF-10A-ErbB2  cells  were  infected  with  lentivirus  pLKO-shRNA- 
Scram,  pLKO-shRNA-OGT-1  or  OGT-2  and  cells  were  lysed  and  proteins 
analyzed  by  western  blot  with  indicated  antibodies. 
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Supplementary  Figure  7.  Knockdown  of  OGT  does  not  alter  expression  of 
transcription  factors  F0X03A,  p53,  c-Myc,  and  NF-kB.  MCF-10A-ErbB2  and  MDA- 
MB-231  cells  were  infected  with  lentivirus  pLKO-shRNA-Scram,  pLKO-shRNA- 
OGT-1  or  OGT-2  and  cells  were  lysed  and  proteins  analyzed  by  western  blot  with 
indicated  antibodies. 
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Supplementary  Figure  8.  Pharmacological  OGT  inhibition  reduces  O-GIcNAcation  and 
blocks  growth  and  invasion  of  MDA-MB-231  cells,  (a)  MDA-MB-231  cells  were  treated 
with  control  (DMSO)  or  500  pM  OGTi  for  48  hours.  Cells  were  lysed  and  proteins 
analyzed  by  immunoblot  analysis  with  indicated  antibodies,  (b)  MDA-MB-231  cells  were 
placed  in  soft-agar  assay  and  treated  with  control  or  500  jxM  OGTi  for  14  days.  Cell  were 
stained,  and  colonies  were  counted  Student’s  (test,  *P  value  <  0.05.  (c)  MDA-MB-231 
cells  were  placed  in  3D  culture  and  treated  with  OGTi  (500  |xM)  or  control.  At  day  8, 
phase  images  of  the  acini  were  taken,  (d)  MDA-MB-231  cells  were  placed  in  transwell 
invasion  slides  in  the  presence  of  control  or  OGTi  as  indicated.  Student’s  (test,  *P  value 
<0.05 
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